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ABSTRACT 


By  use  of  the  transpiration  method,  the  vapor  pressures  of  the 
liquid  system  Rb^O-BgO^  Between  pure  have  been 

measured.  The  vapor  over  the  entire  composition  range  was  an  equi¬ 
molar  mixture  of  Hb^O  and  B^O^.  Data  from  other  sources  indicate  that 
the  vapor  molecule  should  be  RbBOg.  The  activity  of  the  RbBOg  in  the  melts 
showed  a  pronounced  discontinuity  at  about  IS  mole  percent  Rb^O.  The  acti¬ 
vity  and  other  thermodynamic  data  were  compatible  with  a  liquid  structure 
based  on  Biscoe  and  Warren's  theory,  which  describes  the  structures  of 
alkali  borate  glasses.  The  activity  of  the  RbEO^  in  the  melts  and  the 
vapor  pressure  of  the  RbBO^  above  the  melts  could  be  decreased  by  the 
addition  to  the  melt  of  oxygen-complexing  cations. 
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SUMMARY 


The  Problem 

The  work  reported  here  is  the  first  phase  of  a  long  term  project 
devoted  to  studying  chemical  reactions  occurring  in  liquid  oxide  systems* 

The  approach  is  to  measure  vapor  pressures  over  liquid  oxides  as  a  function 
of  temperature  and  liquid  composition.  Thermodynamic  data  derived  from 
these  measurements  are  used  as  an  aid  in  describing  the  reactions  occurring 
in  the  liquids  and  the  structure  of  the  liquids  themselves.  The  results 
obtained  from  these  studies  will  contribute  basic  information  to  the  expanding 
field  of  high  temperature  chemistry. 

Findings 

Vapor  pressure  equilibria  over  melts  of  the  Rb^O-BgO^  system  have  been 
studied  in  the  temperature  range  of  875  to  155^°C.  The  vapor  over  all  melts 
consisted  of  a  complex  molecule,  RbBO,,.  Strong  negative  deviations  from 
ideality  were  observed  in  the  system.  Thermodynamic  data  indicate  that  the 
liquid  structure  can  be  described  by  analogy  with  the  corresponding  crystalline 
or  vitreous  solids. 

The  liquid  from  pure  B,.0  to  a  composition  of  about  17%  Rb,  0-83%  O-, 

t:  3  c  c"  3 

consists  of  a  more  or  less  continuous  network  of  trigonally  and  tetrahedral Jy 
coordinated  boron-oxygen  groups.  At  liquid  composition  between  17  and  'd&fj 
Rb,-0  some  of  the  network  bonds  are  broken  but  the  network  itself  is  not 
destroyed  until  the  Rb,  0  concentration  exceeds  l8%.  P  rom  i'8  to  50%  Rb,  0 

t-  c 

the  structure  of  the  liquid  changes  to  discrete,  anionic  rings. 

'llie  chemical  activity  of  the  RbEd^  in  the  liquids,  and  its  vapor  pressure 
over  the  liquids,  could  be  decreased  by  the  addition  of  oxygen  complexing  catifjns. 
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VAPOR  PRESSURES  IN  THE  LIQUID  SYSTEM  Rb^O-B^O^. 
DERIVED  THERMODYNAMIC  DATA  AND  A  STRUCTURAL  INl’ERPRETATION. 
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INTRODUCTION 


In  recent  years  interest  has  increased  in  the  chemistry  of  high  tempera¬ 
ture  processes.  Much  work  has  been  done  on  fused  salt  systems.  Also  important 
has  been  the  study  of  fused  oxide  systems  on  which  little  has  been  done,  however, 
except  in  slag  and  glass  forming  systems.  Such  comparative  neglect  undoubtedly 
is  due  primarily  to  the  experimental,  difficulties  inherent  in  working  at  the 
high  temperatures  required  and  in  the  extreme  reactivity  of  most  molten  oxides. 

As  one  phase  of  a  program  of  high  temperature  research  carried  on  at  this 
Laboratory,  it  was  decided  to  undertake  a  basic  inquiry  into  the  chemical 
reactions  occurring  in  selected  liquid  oxide  systems.  A  preliminary  study 
of  the  interaction  of  rubidium  vapor  with  solid  oxides  at  high  temperatures 
had  shown  that  thermally  stable  compounds  coul  d  be  formed  between  rubidium 
oxide  and  certain  acidic  oxides.^  Therefore  rubidium  oxide  was  used  as  one 
member  of  the  system  to  be  studied.  Boron  oxide  was  chosen  as  the  other 
because  it  seemed  likely  to  form  comparatively  stable  compounds  or  complexes 
with  rubidium  oxide  in  the  liquid  state.  The  existence  of  complexes  in 
solid  alkali  borate  glasses  has  been  postulated  to  explain  their  anomalous 
physical  properties.  It  was  felt  that  an  investigation  of  the  Rb^O-BgO^ 
liquid  system  would  contribute  to  an  understanding  of  the  structural  rela¬ 
tions  in  alkali-borate  mixtures. 

The  experimental  approach  consisted  of  determining  the  chemical  activity 
of  the  volatile  component  in  the  fused  Rb^O-B^O^  mixtures  by  measuring  its 
vapor  pressure  as  a  function  of  temperature  and  liquid  composition.  Devia¬ 
tions  from  ideality  in  the  liquid  mixtures  could  then  be  determined  and  an 
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ejqplsnation  for  these  deviations  made  in  terms  of  a  structviral  model  for  the 
liquid.  From  the  activity  data,  the  free  energy,  heat,  and  entropy  of 
mixing  could  he  calculated  and  these  values  used  to  check  the  consistency  of 
the  structural  model. 

EXPERIMENTAL  METHODS 

The  two  most  commonly  used  methods  for  high  tempere.ture  vapor  pressure 
determinations  are  the  eff\ision  method  and  the  transpiration  method.  The 
effusion  method  requires  that  the  sample  he  heated  in  a  vacuum.  Used  with  oxide 
systems,  this  might  lead  to  undesirable  decompositions,  which  could  he  avoided 
hy  heating  the  samples  tinder  ordinary  atmospheric  conditions.  The  trsmspira- 
tion  method  involves  measuring  the  vapor  pressure  of  the  sample  hy  slowly 
passing  a  measured  amount  of  an  inert  carrier  gas  over  the  saniple.  Air  can 
be  used  as  the  carrier  gas,  thus  maintaining  an  oxidizing  atmosphere  over  the 
sample.  For  this  reason  the  transpiration  method  was  chosen,  and  an  apparatus 
was  built  which  has  been  used  to  measure  vapor  pressures  in  air  vp  to  tempera¬ 
tures  of  about  l600°C  (temperatures  are  given  in  °C  throughout  this  report). 
Description  of  Apparatxis. 

The  apparatus  consisted  essentially  of  a  furnace  chamber  into  which  a 
removable  alumina  tube  containing  the  sample  was  inserted  (Fig.  l).  The 
furnace  was  heated  inductively  through  power  supplied  by  an  Ajax  20-KW 
spark-gap  converter.  A  cylindrical  graphite  crucible  packed  in  powdered 
graphite  insulation  was  u.sed  as  a  susceptor.  The  graphite  susceptor  was 
protected  from  oxidation  by  being  lined  on  the  interior  with  a  dense,  high 
purity  alvmina  crucible  and  lid. 
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Tvo  (^nings  were  provided  into  the  furnace  chamber.  One  was  a 
fixed  w-l tube  on  whose  outer  end  were  a  window  amd  an  air  inlet. 

The  furnace  tenperature  was  determined  by  sighting  a  Leeds  and  Northrup 
pptlcsG.  pyrosMster  through  the  window;  dry  air  was  Introduced  through  the 
inlet  in  order  to  keep  the  window  clean  and  to  maintain  an  oxidizing  atmos¬ 
phere  in  the  furnace  chamber.  The  second  opening  consisted  of  an  open 
alumina  tube  through  which  a  dense^  gas-tight  alianina  san^le  tube  could 
be  inserted  into  the  furnace  chamber.  The  dense  alumina  parts  were  obtained 
from  the  McDanel  Refractory  Porceladn  Co. 

In  that  end  of  the  8.imple  tube  which  entered  the  furnace  chamber  was 
cemented  a  platinum  capsule  which  contained  the  sample  whose  vapor  pressure 
was  to  be  measured.  On  the  outer  end  of  the  sample  tube  was  a  window  for 
optical  pyrometer  readings  and  an  inlet  where  the  carrier  gas  was  introduced. 

It  was  necessary  that  the  sample  capsule  be  made  of  platinum  as 
rubidium  vapor  can  form  a  thermally  stable  compound  with  alumina.  The 
capsule  consisted  of  a  platinum  cylinder  about  1  cm  in  diameter  and  3  l/S 
cm  long.  One  end  of  the  cylinder  was  cooipletely  closed  except  for  a  hole 
about  1/2  nm  in  dlaswter  which  served  as  the  inlet  for  the  carrier  gas.  The 
other  end  of  the  cylinder  was  open.  A  close  fitting  platinum  cap  In  the 
in  the  shape  of  a  cylinder  was  made  to  fit  over  the  open  end  of  the  capsule. 
The  cap  was  provided  with  a  l/2-nm  hole  in  its  end  for  the  outlet  of  the 
carrier  gas. 

The  sample  Itself  was  fused  onto  a  series  of  four  adjacent  loops  bent 
in  the  end  of  a  platinum  wire.  The  platinum  wire  8aBQ)le  holder  was  secured 
in  the  capsule  by  passing  the  straight  end  of  the  wire  through  the  hole  in 
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back  of  the  capsule  for  a  distance  of  about  3  cm  so  that  it  rested  against 
the  interior  top  of  the  alumina  sample  tube.  The  loqps  of  wire  containing 
the  saoqple  were  then  balemced  in  the  center  of  the  capsvile.  The  wire  was 
not  large  enough  to  block  the  carrier  gas  entry  hole  completely.  The 
platinum  cap  then  coxild  be  placed  over  the  end  of  the  capsule  and  the  whole 
assembly  inserted  into  the  fxirnace. 

It  was  found  that  the  sample,  about  100  mg  in  weight,  when  melted^  did 
not  drop  off  the  platinum  wire  loops.  This  arrangement  was  chosen  because 
the  rubidium  content  of  the  sample  was  to  be  determined  by  radioactive 
counting  and  it  was  planned  to  insert  the  whole  ssunple  into  a  crystal  gamma 
coimter.  Also,  a  large  area  of  the  seunple  could  be  exposed^  thereby  making 
a  saturated  vapor  pressure  easier  to  maintain  during  the  experimental  runs. 

During  the  rims,  the  temperature  of  the  sample  was  determined  by  sight¬ 
ing  an  optical  pyrometer  through  the  window  of  the  alumina  sample  tube 
onto  the  end  of  the  platinimi  capsule.  Previous  measurements  had  shown 
that  the  temperature  read  off  the  back  of  the  capsule  was  the  same  as  that 
read  by  sighting  through  the  gas  inlet  hole  into  the  interior  of  the 
capsule,  where  black-body  conditions  prevailed.  A  correction  for  absorption 
in  the  window  was  applied.  The  optical  pyrometer  had  been  previously  cali¬ 
brated  by  the  Leeds  and  Northrup  company.  By  manual  adjustments  of  the 
temperature  control  the  temperature  of  the  sample  was  kept  constant  to 
within  about  +1  to  2°. 

During  the  runs,  a  measured  amount  of  constantly  flowing  dry  air  had 
to  be  supplied  through  the  alunina  sample  tube  to  act  as  the  carrier  gas. 

To  acconqplish  this,  two  1000-ml  burettes  were  mounted  in  parallel  so  that 
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a  measured  volune  of  air  coiild  be  forced  from  the  burettes  into  the  sample 
tube  by  the  injection  of  a  stream  of  silicone  oil  into  the  biurettes*  The 
oil  was  introduced  into  the  burettes  by  siphoning  from  a  Msriotte  bottle, 
thvis  maintaining  a  steady  flow  during  the  run*  The  volume  of  air  displaced 
was  determined  by  reading  the  oil  level  in  the  burettes  before  and  after 
each  mm.  The  air  was  dried  by  passage  through  anhydrovis  magnesium  per- 
chloi*ate  before  it  was  admitted  to  the  burettes  and  also  as  it  left.  The 
teiiQ>erature  of  the  air  in  the  burettes  was  determined  by  means  of  a  mercury 
thermometer. 


Preparation  of  Samples 


The  RbgO-BgO^  samples  were  prepared  by  fusing  radioactive  RbgCO^  and 
BgO^  together  in  a  platinm  dish.  The  Rb^CO^  was  obtained  from  A.  D.  Mackay, 
Inc.,  and  from  K  i  K  Laboratories,  Inc.  The  Rb^CO^  was  purified  by  dissolving 
in  water,  filtering,  and  re cry stall! zing  by  evaporation.  The  purity  was 


then  checked  spectroscopically  and  negligible  amounts  of  impurities  were 


found. 


Radioactive  rubidium  in  tracer  amounts  was  introduced  into  the  carbonate 

86 

by  the  use  of  radioactive  Rb  Cl  sv^plled  by  Oak  Ridge  National  Laboratory. 
The  radioactive  RbCl,  in  HCl  solution,  was  evaporated  to  dryness  in  a 
platinian  dish.  The  Rb^CO^  was  dissolved  in  water  and  added  to  the  radio¬ 
active  RbCl  in  the  platlnvn  dish,  and  the  solution  was  stirred  well.  The 


solution  was  then  evaporated  to  dryness. 


and  the  radioactive  RbgCO 


3 


was 


recovered  and  dried  thoroughly.  A  negligible  amount  of  chloride  was  intro¬ 


duced  into  the  carbonate  by  this  process. 
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The  BgO^  was  piepared  by  the  dehydration  of  reagent  grade  boric 
acid  obtained  from  J.  T.  Baker  Chemical  Co.  The  BgO^  was  dried  by  heating 
in  a  platinum  dish  in  air  for  several  hours  at  1000°. 

Weighed  amounts  of  boron  oxide  and  radioactive  RbgCC^  weVe  fus^d  together 
in  a  platinum  dish  and  stirred  well.  The  resulting  Rb^O-BgO^  mixture  was 
left  in  the  platinum  dish  and  stored  in  a  desiccator.  Seunples  were  removed 
by  remelting  the  solution  and  dipping  into  the  melt  with  a  platinum  wire. 

The  liquid  sample  drops  were  quickly  transferred  to  the  loops  on  the  platinum 
sample  wire. 

The  initial  vapor  pressure  determinations  of  pure  B^O^  revealed  irregular¬ 
ities  in  the  data  which  were  found  to  be  due  to  insufficient  dehydration 
of  the  BgO^  samples.  In  order  to  completely  remove  all  interfering  traces 
of  water  it  was  necessary  to  reheat  the  samples  on  the  platinum  sample 

holder  before  weighing  and  inserting  into  the  furnace  chamber.  This  was 
done  by  mounting  the  platinum  sample  wires  holding  the  B^O^  onto  the  end 
of  an  alumina  rod  and  inserting  the  sample  through  a  port  into  a  furnace. 

The  samples,  approximately  100  mg.  in  weight,  were  dried  for  about  two  hours 
at  1000°.  Because  of  the  pronounced  hygroscopic ity  of  the  carbonate  and 
borates,  all  materials  ana  samples  were  weighed  in  a  dry  box  to  avoid 
errors  cavised  by  the  absorption  of  atmospheric  moisture. 

The  alumina  sample  tube  was  also  periodically  baked  at  red  heat  with 
dry  air  being  passed  through  it  in  order  to  remove  all  traces  of  moisture. 


These  dehydration  procedures  were  necessary  as  B^O^  can  react  with  water 
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vapor  at  high  temperatures  to  form  volatile  hydroborates.  As  the  solutions 


became  richer  in  Rb^O  the  water  was  less  tenaciously  held  and  a  less  rigorous 

dehydration  procedure  was  required.  The  mixture  of  50^  Rb  0  -  50^  B^O,  dried 
easily  at  600  for  1/2  hour.  Samples  of  intermediate  compositions  were  dried 

for  about  1  hour  at  temperatures  from  300-1000°. 
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Experimental  Procedxir^j 


The  transpiration  method  of  measuring  vapor  pressures  relies  on  a  deter¬ 
mination  of  the  mass  of  sample  vapor  per  unit  volume  of  the  carrier  gas -sample 
vapor  mixture.  The  sample  vapor  concentration  is  measured  either  hy  condensing 
and  weighing  the  vaporized  material  that  has  been  removed  by  a  known  voJ.ume  of 
carrier  gas  or  by  observing  the  change  in  weight  of  the  condensed  phase  of  the 
sample  before  and  after  the  passage  of  the  known  volume  of  carrier  gas.  The 
latter  method  was  adopted  here.  To  compute  the  vapor  pressure  of  the  sanqple  it 
is  necessary  to  know  the  molecular  weight  of  its  vapor  species. 

Considering  the  mixture  of  carrier  gas  and  sample  vapor,  if  the  ideal 
gas  law  holds,  then  from  Dalton's  law  of  partial  pressxires, 

p  _  N 

RT  (1) 

where  Pg  *=  partial  pressure  of  the  sample  vapor 

V  ■  total  volme  of  carrier  gas-sample  vapor  mixture 
T  «  temperature  at  which  V  is  measured 

N_  “  moles  of  sample  vapor  in  V.Where  the  volune  of  the  sample  vapor 

O 

is  small  compared  with  the  volume  of  the  carrier  gas,  the  volvsne  of  the  carrier 
gas  may  be  substituted  in  Eq  1  as  a  close  approximation  for  the  volume  of  the 
carrier  gas-sample  vapor  mixture.  As  the  ratio  of  the  carrier  gas  voltme  to 
the  seunple  vapor  volime  varied  from  about  4000  to  100  during  this  experiment, 
the  use  of  this  approximation  introduced  a  negligible  error. 

There  are  two  sources  of  error  inherent  in  the  transpiration  method. 

The  first  is  that  the  carrier  gas  may  be  flowing  over  the  sample  too  rapidly 
so  that  it  leaves  the  sanqple  capsule  unsaturated  with  respect  to  the  8aiq>le  vapor. 
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The  second  is  the  loss  by  diffusion  of  the  saa5)le  vapor  independent  of  the  loss 
via  the  carrier  gas*  By  constructing  the  appeuratus  so  that  the  orifices  through 
which  the  ceorrier  gas  enters  and  leaves  the  sasqple  capsule  are  small ^  and  by 
using  relatively  high  gas  velocities,  the  loss  due  to  diffusion  could  have  been 
minimized.  However,  this  was  not  possible  in  the  apparatus  described  hebe. 

The  platlnxm  ciq),  which  closed  the  end  of  the  sainple  capsule,  had  to  be  fairly 
loose  because  at  high  temperatures  it  had  a  tendency  to  sinter  to  the  platinum 
capsule  and  could  not  be  removed  without  destroying  the  capsule.  Also  the  gas 
velocity  could  not  be  IneraasMso  as  to  reduce  the  diffusion  loss  to  a  negligible 
value,  without  simultaneously  vindersaturating  the  carrier  gas.  These  difficvilties 
were  eliminated  as  follovs. 

The  removal  of  the  sample  vapor  from  the  capsule  may  be  considered  to  be 
the  sun  of  two  terms:  the  loss  due  to  diffusion,  which  is  time -dependent,  and 
.  the  loss  due  to  the  carrier  gas,  which  is  volume -dependent. 

W  «  D  -At  +  S  -Av  (2) 


V  -  total  weight  loss  of  sample 

D  ■  rate  of  weight  loss  per  unit  time  due  to  diffusion 
S  *  weight  of  sanple  vapor  in  saturated  carrier  gas  per  unit  volune 
At  B  time  interval  of  experimental  rvin 

Av  B  volxxne  of  carrier  gas  per  run.  This  was  essentied.ly  equal  to  the  volvme 
of  carrier  gas  plus  the  volvne  of  sample  vapor. 

Usually  both  the  time  of  the  run  and  the  voluoie  of  the  carrier  gas  can  vary. 
However,  if,  for  a  series  of  nms  at  constant  temperatue,  the  time  of  run,  At, 
is  held  constsuit  while  Av  is  varied,  then  the  weight  loss  due  to  diffusion. 
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D'At,.  is  constant.  Equation  2  becomes  linear  with  two  variables,  W  and  Av. 

If  the  total  weight  loss,  W,  is  plotted  against  Av,  then  the  resulting  plot 
should  be  linear  with  the  intercept  on  the  W  axis  equal  to  the  diffusion  loss 
and  the  slope  eqtial  to  S  or  the  saturation  value  of  the  sample  vapor  in  the 
carrier  gas.  S  may  be  determined  directly  in  grams  per  liter  and,  after  being 
converted  to  moles  per  liter,  may  be  substituted  directly  in  Eq.  1  for  the  term 
Ng/V. 

This  treatment  assumes  that  D  is  independent  of  the  rate  of  flow  of  the 
carrier  gas.  This  is  close  to  being  true,  since  the  greater  part  of  the  diffu¬ 
sion  loss  seems  to  occur  both  as  the  sample  tube  is  entering  the  furnace  and 
reaching  temperature  equilibrium  before  the  flow  of  carrier  gas  is  turned  on 
and  during  the  withdrawal  and  cooling  process  after  the  flow  has  ceased. 

Dtiring  the  runs  the  times  of  entry  and  of  withdrawal  and  the  time  during  which 
the  carrier  gas  was  flowing  were  held  constant. 

It  is  also  assumed  that  S  remains  constant  for  the  series  of  runs.  This 
will  be  true  as  long  as  the  carrier  gas  is  saturated  with  the  sample  vapors. 
When  the  carrier  gas  velocity  is  too  high  and  the  gas  is  unsaturated,  S  will 
decrease  as  Av  increases  and  the  plot  will  no  longer  be  linear.  It  was  found 
that  saturation  was  achieved  for  gas  velocities  up  to  about  25  ml/min. 

In  actual  practice  the  plots  were  linear.  The  standard  times  of  gas  flow 
were  either  Uo  or  80  min  and  the  gas  velocity  varied  from  about  4  to  20  ml/min. 

As  a  check  on  the  experimental  method,  the  vapor  pressure  of  CsCl  was 
measured  at  a  series  of  temperatures  between  800°  and  900°*  The  vapor  pressure 
vs.  temperature  cui^e  was  parallel  with  and  about  7^  greater  than  the  curve 
derived  from  the  vapor  pressure  data  for  CsCl  tabulated  by  Kelley.^  The  values 
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tabulated  by  Kelley  were  meastired  by  a  manometric  method  which  indicated  the 
total  pressure  ovei'  the  liquid  salt.  This  method  gives  a  direct  measurement  of 
the  pressxire  that  is  not  dependent  tqpon  a  knowledge  of  the  molecvilar  weight  of 
the  vapor. 

Some  uncertainty  is  associated  with  the  CsCl  vapor  pressure  values  derived 
by  the  transpiration  method  because  of  the  tendency  of  alkali  halide  vapor 
molecules  to  form  dimers,  thereby  changing  the  molecular  weights  of  the  vapors. 
An  estimate  of  this  effect  can  be  made  by  an  extrapolation  of  the  data  of 

5 

Datz,  et  8^.,  who  determined  the  apparent  molecular  weights  and  degree  of 
dimerization  for  a  series  of  alkali  halide  vapors  by  measuring  the  pressure  of 
known  amounts  of  the  salts  in  an  enclosed  volume.  This  calculation  indicates 
that  the  mole  fraction  of  dimer  in  the  CsCl  vapor  varied  from  0.20  to  0.28  over 
the  temperatxire  range  of  the  transpiration  runs.  Recomputing  the  vapor  pressure 
of  the  CsCl  on  this  basis  lowers  the  vapor  pressure  curve  so  that  it  falls 
about  15^  lower  than  that  of  Kelley. 

Margrave,^  in  a  discussion  of  the  various  methods  for  determining  high  tem¬ 
perature  v;ipor  pressures,  has  stated  that  different  investigators  frequently 
disagree  by  as  much  as  25  to  50^  on  vapor  pressure  measurements.  Considering 
this  possible  region  of  error  and  that  the  values  from  Kelley  were  obtained  by 
an  entirely  different  experimental  method  than  that  used  here,  the  agreement  is 
considered  to  be  good. 


As  a  further  check,  the  vapor  pressure  of  pure  between  the  temperatures 

of  lU40  and  1554°  was  measured  and  compared  with  the  literature  values.  Again 
the  agreement  was  quite  good  (See  Fig.  2).  These  measiirements  are  plotted  and 


discussed  in  the  next  section  of  this  report. 
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In  the  case  of  a  two-conponent  liquid  where  the  vapor  has  a  different 
composition  than  the  liquid^  the  liquid  cciiq)osltlon  will  change  dinrlng  the 
run.  In  the  RbgQ-BgO^  solutions  there  was  only  one  volatile  constituent. 

During  the  znuis^  the  samples  became  somewhat  depleted  In  this  constituent  so 
that  the  actual  vapor  pressure  decreased,  giving  an  erroneously  low  weight  loss. 
However,  these  data  could  easily  be  corrected.  After  the  apparent  vapor  pressums 
of  the  volatile  constituent  were  determined  for  a  series  of  different  composi¬ 
tions,  a  graph  showing  the  change  in  vapor  pressure  as  a  function  of  composition 
was  made.  From  this  information  and  from  a  knowledge  of  the  initial  and  final 
expositions  of  the  samples,  a  curve  could  be  constructed  which  corrected  the 
observed  weight  losses  for  the  effect  due  to  the  depletion  of  the  volatile 
constituent.  Theoretically,  on  the  basis  of  the  corrected  vapor  pressure  values, 
a  second  cuirve  of  vapor  pressure  vs.  exposition  should  be  constructed  and 
the  correction  process  repeated  to  get  an  even  closer  answer  to  the  true  vapor 
pressure.  However,  in  practically  all  cases  the  second  correction  factor  did 
not  differ  appreciably  frx  the  first.  Usually  this  correction  factor  amounted 
to  about  1  to  of  the  observed  weight  losses,  except  for  the  solution  contain¬ 
ing  the  least  amount  of  Rb^O,  in  which  case  sxe  of  the  corrections  were  as  much 
as  20  to  40^. 

The  total  weight  losses  were  determined  by  weighing  the  san^jles  on  the 
platinx  wire  loops  in  a  dry  box  before  and  after  the  runs.  The  weight  loss 
of  the  RbgO  was  determined  by  the  loss  in  radixetivity  during  the  run.  Although 
gaimna  counting  was  used,  there  was  appreciable  self -absorption  in  the  samples 
for  which  a  correction  was  necessary.  This  difference  in  self -absorption  mani¬ 
fested  itself  as  a  slightly  different  counting  rate  for  samples  of  the  same 
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vel^t  and  RbgO  content  but  vlth  different  geometric  shape  or  arrangement 
on  the  platinum  wire  loops.  In  order  to  eliminate  any  errors  due  to  this 
effect,  the  apparent  specific  activity  vas  computed  for  each  sample  prior 
to  the  run.  This  specific  actlvll^  was  defined  as  the  gamma  covintlng  rate 
divided  by  the  weight  of  the  Rb20  in  the  sample.  The  RbgO  content  was  known 
from  the  total  weight  of  the  sample  and  from  Its  initial  percent  composition 
of  RbgO.  During  the  run,  the  shape  and  arrangement  of  the  sample  on  the  wire 
loops  did  not  change  appreciably,  so  that  there  was  no  effect  on  the  counting 
rate  due  to  this  geometrical  factor.  However,  as  the  sample  lost  weight  dur¬ 
ing  the  run,  the  magnitude  of  the  self -absorption  effect  decreased  and  the 
specific  activity  at  the  conclusion  of  the  run  was  greater  than  It  should 
have  been. 

To  correct  for  this,  the  specific  activities  of  a  series  of  san5)les  of 
the  same  percent  RbgO  and  the  same  shape  but  varying  in  total  weight  were 
determined.  Ihese  results  were  plotted  so  that,  the  Initial  and  final  weights 
of  a  saaqple  being  known.  Its  change  In  specific  activity  due  only  to  Its  change 
in  weight  could  be  corrected  for.  Ihese  corrections  usually  amounted  to  about 
1  to  2  ^  of  the  counting  rates  of  the  samples. 

The  BgOj  weight  loss  was  measured  by  the  difference  between  the  total 
weight  loss  and  the  RbgO  weight  loss.  As  a  check  on  these  techniques,  the 
cooqpositlons  of  scmie  of  the  samples  were  determined  after  the  runs  by  wet 
chemical  analysis  as  well  as  by  the  radioactive  tracer  method.  The  determi¬ 
nations  of  the  total  weight  of  each  component  In  the  samples  agreed  to  within 
1  to  3  ^  and  experience  indicated  that  the  radioactive  tracer  method  was  as 
accurate  as  the  chemical  analysis  method. 
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FRESENTAXiaN  0?  DASA 


Vapor  pressure  determinations  were  made  over  seven  liquids  varying  in  com¬ 
position  from  pure  BgO^  to  50  mole  percent  Rb20-50  mole  percent  BgO^.  Hie 
vapor  pressure  of  BgO^  as  a  function  of  temperature  is  plotted  in  Pig.  2,  where 
it  is  compared  with  data  from  other  investigators.  In  computing  the  vapor  pre- 
sure,  the  vapor  species  was  assumed  to  be  the  monomer,  BgO^*  This  has  been 

7 

well  established  by  direct  evidence  using  mass  spectrograjJiic  methods  and 

0 

an  effusion-torsion  technique. 

It  can  be  seen  from  Fig.  2  that  the  vapor  pressure  data  reported  here 

9 

agree  very  well  with  the  extrapolated  data  of  Speiser,  Naiditch  and  Johnston.^ 
The  vapor  pressure  data  of  both  Speiser,  ad.  and  Nesmeyanov  and  Firsova^^ 
were  obtained  over  a  lower  temperature  range  by  use  of  the  effusion  method. 

The  data  of  Soulen,  Sthapitanonda  and  Margrave were  obtained  by  the  trans¬ 
piration  method  using  dry,  oxygen-free  nitrogen  as  the  carrier  gas.  The 
vapor  pressures  of  Soulen,  et  are  somewhat  higher  than  those  reported  here. 

These  high  values  may  have  been  caused  by  incomplete  drying  of  the  BgO^ 
samples.  These  authors  report  heating  the  samples  up  to  10CX)°  for  an  hour  or 
more.  It  has  been  shown  here  i-hat,  unless  the  samples  are  quite  smaJ-l,  this 
procedure  is  insufficient  to  remove  all  interfering  amounts  of  water. 

The  experimenta]  data  for  the  RbgO-BgO^  melts  are  presented  in  Table  1. 
Before  vapor  pressures  can  be  calculated  it  is  necesseiry  to  know  the  molecular 
weight  of  the  vapor  species.  In  the  fourth  colvunn  of  Table  1  the  experimen¬ 
tally  observed  compositions  of  the  vapors  are  listed  as  mole  percent  RbgO. 
lliese  figures  are  derived  by  use  of  Eq.  2.  For  each  series  of  runs  the  weight 
losses  of  RbgO  and  of  BgO^  were  plotted  against  the  volumes  of  carrier  gas. 
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TABUS  1 


Expeirlmental  Data 


Coop,  of  Melt  Sasnle  Teaap. 

(mole  i>)  (®C) 


1201 

4.25tRbO  1235 

9^. Off,  BpO^  1267 

^  1302 

1343 


1144 

1186 

11.1^6  Rb^  1210 

88.9^  B2O0  1241 

1272 

1026 

20.0^  Rb^  1062 

80.0^  B2O3  1083 

1108 

1139 

28.0?fc  Rb^  956 

72.0i  B^3  986 

1001 

1047 

1072 


33 -3?^  RbgO  941 

66.7i  B2P3  977 

997 

1021 

875 

30%  Rb^  905 

30%  B2P3  930 

961 

992 


Coirrected  Sample  Mole  ^  BbgO 
Vgt.  Loss  in  Vapor  ^ 

-JasZMZ _ 


1.4 

66 

2.6 

4l 

5.2 

46 

8.6 

4o 

17.6 

Avg. 

-i- 

2.9 

45 

6.8 

45 

8.7 

51 

14.6 

49 

20.8 

60 

Avg. 

30 

3.3 

51 

7.6 

58 

10.8 

55 

12.5 

47 

23.3 

Avg. 

57 

54 

5‘9 

63 

12.2 

57 

16.8 

61 

26.4 

54 

46.2 

Avg. 

5.1 

52 

10.6 

51 

21.5 

51 

29.6 

53 

43-5 

Avg. 

51 

6.2 

50 

12.6 

50 

20.5 

50 

40.2 

50 

67.6 

-S2- 

Avg. 

50 
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nie  ratio  of  the  elopes  of  the  Rb2P  plots  to  those  of  gave  the  weight 
ratio  of  the  Bb^O  to  in  the  vapor;  these  figures  were  then  converted  to 
mole  percent  Bb^. 

She  Biost  interesting  aspect  of  these  data  is  that  the  average  vapor 

conqposition  is  close  to  50^  tbroxxgloonxt  the  whole  range  of  liquid  cooq»> 

sitions .  This  strongly  suggests  that  the  vapor  is  composed  of  a  cooqpound 

of  equl -molar  parts  of  RbgO  and  BgO^.  Compound  formation  in  the  vapor  is 

further  Indicated  by  the  fact  that,  at  these  temperatures,  there  should  be 

no  measurable  vapor  pressure  due  to  free  from  the  solutions,  and  that 

the  apparent  vapor  concentration  of  throughout  the  series  of 

liquids  as  Its  concentration  In  the  liquids  decreases. 

An  extra  series  of  experimental  runs  for  each  liquid  was  made  using  dry 

argon  Instead  of  air  as  the  carrier  gas.  IMs  was  done  to  detexmlne  If  the 

sample  vapors  deconqnse,  and  produce  free  oxygen.  This  would  occur  if  BbgO 

12  W 

and  B2O2  vaporized  Independently,  as  Brewer,  et  ^.,  have  shown  that 

the  alkali  oxides,  with  the  exception  of  LlgO,  will  vaporize  predominantly 

by  decomposition  to  the  elements.  The  sample  weight  losses  were  the  same 

when  argon  (99-975^6  pure)  was  used  as  a  carrier  gas  as  when  air  was  used.  This  indicates 

that  the  presence  or  absence  of  oxygen  did  not  influence  the  vaporization 

equilibrium  and  that  the  sample  vapors  did  not  deconqose. 

As  the  transpiration  method  can  give  no  more  indication  of  the  vapor 

species,  further  Information  must  be  obtained  from  other  sovurces.  The  most 

direct  evidence  concerning  the  nature  of  this  vapor  species  comes  from  mass 

spectrograph! c  studies  of  the  vapors  from  lithium  and  sodium  metaborates 

111 

reported  by  Buchler  and  Berkowltz-Mattuck. 
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These  authors  report  that  the  vapor  In  equillhrium  with  sodi\in 
metaborate  between  620  and  830°C  consisted  predominantly  of  monomeric 
sodium  metaborate,  Appreciable  amoimts  of  the  dimer  were  ob> 

served,  as  well  as  minor  amounts  of  several  other  molecules. 

The  proposed  structure  of  the  monomeric  molecule  is  a  linear  (0-B-0)~ 
group  with  the  sodium  ion  attached  at  an  angle  at  one  end.  This  struc¬ 
ture  also  has  been  reported  by  Akishin  and  Spiridonov  in  an  electron 

diffraction  study  of  lithium  and  sodium  metaborate  vapors  at  1200  to 
15 

1500° 

Additional  evidence  of  the  stability  of  the  monomer  is  furnished 

by  the  infrared  spectral  studies  of  Morgan  and  Staats.^^  These  authors, 

after  studying  traces  of  metaborate  dissolved  in  solid  solutions  of 

alkali  halides,  concluded  that  the  metaborate  ion  occurs  in  these  dilute 

solutions  as  the  monomer  with  a  linear  structure. 

The  monomer  HBOg  has  been  reported  as  the  major  species  in  the  vapor 

17 

of  metaborlc  acid  by  White,  et  ed.  The  gaseous  molecule  also  con&ists 
of  a  linear  O-B-0  grovp  with  the  hydrogen  attached  at  an  angle  at  one  end. 

Buchler  and  Berkowitz-Mattuck  also  reported  data  on  the  infrared  spectra 
of  gaseous  NaBO^  and  CsBO^*  Both  of  these  vapors  gave  similar  spectra  with 
absorption  peaks  at  5*2  and  17  As  a  check  on  the  molecular  species  of 
vaporized  rubidium  metaborate,  the  infrared  absorption  spectrvm  of  the  vapor 
over  the  ^Qff>  RbgO  melt  was  obtained.  This  was  accooplished  by  heating  the 
melt  in  a  platinun  crucible  inside  an  alundim  tube  furnace  closed  at  each 
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end  vlth  NaCl  windows.  Directed  through  one  end  of  the  tube  furnace  was  a 
globar  source  emd  at  the  other  end  was  a  Ferkln-EImer  Infrared  spectrometer^ 
Model  12.  The  furnace  was  operated  at  1000  to  1200^.  The  background  radia¬ 
tion  from  the  furnace  was  eliminated  by  use  of  a  rotary  beant-chopplng  wheel 
between  the  globar  so\irce  and  the  furnace  window.  This  device  modified  the 
Incoming  light  signal  to  13  cycles/sec  so  that,  with  a  modification  In  the 
analyzer  unit  of  the  spectrometer,  the  direct  radiation  from  the  furnace 
itself  could  be  electronically  filtered  out. 

The  spectrum  of  the  jrubidlum  metaborate  showed  a  prominent  absorption 
peak  at  5-1  The  peak  at  17  u  was  not  sought,  as  it  lay  beyond  the  limits 
of  the  spectrometer.  This  result  indicates  that  the  vapor  over  rubidium 
metaborate  is  similar  to  that  over  sodiiom  and  cesium  metaborates,  emd  that 
it  consists  mainly  of  the  monomer  RbBOg. 

An  attenQ)t  to  measure  infrared  spectra  of  vapors  over  other  RbgO-BgO^ 
melts  with  lower  concentrations  of  RbgO  was  not  successful  due  to  the  much 
lower  vapor  pressures.  Unfortunately,  the  infreu:^d  appeuiatus  was  not  avail¬ 
able  for  modifications  for  use  at  higher  temperatures.  However,  as  the 
vapor  concentration  over  all  the  RbgO-BgO^  melts  of  varying  compositions 
was,  within  experimental  error,  close  to  50^^  i't  was  felt  that 

the  same  molecular  species  was  present  in  all  cases  and  that  this  species 
was  RbBOg. 

Due  to  the  small  weight  losses,  occurring  during  the  rvms,  the  experimen¬ 
tal  error  in  determining  the  RbgO/BgO^  ratio  could  be  fairly  large.  This  is 
apparent  in  the  most  dilute  solution,  k.20%  HbgO,  where  the  total  weight 
losses  amounted  to  only  1  to  10  mg.  From  Table  1  it  can  be  seen  that  the 
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e^qperlmentally  measured  mole  percent  of  Rb^O  in  the  vapor  over  this  melt  varies 
considerably  from  one  series  to  another  although  the  average  ccmtes  out  close  to 
^  On  the  other  hand.  In  the  case  of  the  ^.0  $  RbgO  melt,  vbere  It  vas 
possible  to  evaporate  much  larger  amounts  without  changing  the  conqpocltlon 
of  the  liquid^  the  measured  Rb^O  concentration  In  the  vapor  vas  equal  to  ^  ^ 
for  each  series  of  runs. 

Of  the  six  melts,  the  only  laqportant  deviation  frtxt  a  vapor  composition 
of  ^  ^  RbgO  vas  In  the  case  of  the  28.0  ^  RbgO  melt.  In  this  case  the  average 
vapor  concentration  vas  ^8  ^  Rb^O.  Whether  this  represents  a  significant  dif¬ 
ference  In  the  vapor  conqposltlon  or  whether  It  Is  due  to  e:q?erlmental  variation 
Is  not  known.  In  view  of  the  lack  of  precision  In  determining  the  vapor  com¬ 
position,  and  because  this  variation  occttrs  In  only  one  melt  out  of  six.  It 
will  be  assumed  here  that  the  vapor  composition  over  the  28.0  ^  RbgO  melt  is 
the  same  as  that  over  the  other  melts.  However,  it  should  be  emphasized  that 
mass  spectrographlc  studies  of  vapors  over  other  oxide  and  fused  salt  systems 
have  shown  a  surprising  variety  of  vapor  molecules  over  single  melts.  It  Is 
likely  that  there  are  other  vapor  species  present  over  the  RbgO-BgO^  melts, 
and  that  the  ratios  of  these  species  may  change  with  variations  In  liquid 
composition  and  tenq)erature .  However,  lacking  more  precise  Information,  it 
Is  felt  that  the  assignment  of  RbBOg  as  the  major  vapor  species  over  euLl  the 
melts  Is  the  best  possible  choice. 

On  this  basis  the  vapor  pressures  of  RbBOg  for  each  series  of  runs  vas 

computed  by  converting  the  corrected  sample  weight  losses,  colvimn  3  of  Table  I, 

to  moles  per  liter  and  substituting  these  quantities  for  the  tezn  n  /V  In 

s 

Eq.  1.  The  tem  T  In  Eq.  1  refers  to  the  temperature  of  the  ceunrler  gas  at 
which  its  volume  vas  measured  and  vas  in  the  range  2U  to  2^. 
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The  values  for  the  coinputed  vapor  pressures  have  been  plotted  in  a  log 
P  vs  1/t  graph  (Plg«  3)  and  the  lines  drawn  according  to  the  least-squares 
fits.  The  vapor  pressure  for  each  melt  can  also  be  esgpiressed  by  the  equation 

_  .  B  Jl  10^ 

108  P  -  A  -  j  (Bk) 

llbe  constants  A  and  B  and  the  temperature  interval  over  which  the  vapor 
pressure  of  each  melt  was  measured  are  listed  in  Table  2. 

The  heat  of  vaporization  of  RbB02  from  pure  liquid  rubldlvim  metaborate 
^  BbgO)  has  been  conqiuted  from  the  slope  of  the  log  P  vs  l/T  gra|di  and 
is  found  to  be  58.7  +  1.7  Kcal/mole  (90  ^  confidence  limit)  over  the  tempera¬ 
ture  range  of  the  experimental  measurements. 

RESULTS  AND  DISCUSSION 

Py  means  of  the  vapor  pressure  data  and  by  assuming  ideal  behavior  of  the 
RbBOg  at  low  partial  pressures,  the  activity  of  the  RbBOg  in  the  melts  may 
be  obtained  by  xise  of  the  formula  a  >  P/l^,  where  P  is  the  partial  pressiure 
of  the  RbBOg  over  the  melt  and  is  the  RbBOg  pressure  over  pure  liquid 
ziibidium  Bietaiborate.  The  activities  of  the  RbBOg  at  lO^’’  over  each  melt 
have  been  calculated  and  plotted  as  a  function  of  liquid  conposltlon  (Fig.  U). 

This  graifli  shows  that  the  activity  of  the  RbBOg  is  essentially  zero 
until  a  coiqposition  of  approximately  1^  ^  RbgO  is  reached.  Hear  this  point 
the  activity  begins  to  Increase  appreciably  and,  after  a  composition  of  about 
28  it  Rb^  is  reached,  the  activity  increases  linearly  with  Increasing  RbgO 
content.  This  behavior  auggesta  the  fozmation  of  complex  structural  groups 
in  the  melts. 
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TABUS  2 


Constants  for  Vapor  Pressure  Equation  for  RbBO^ 


log  P 


A  - 


B  X  10^ 

tTO . 


liquid  congp., 
mole  ^  RbgO 

A 

B 

Temp,  range 
oc 

k.2 

9.275 

1.895 

1201-13U3 

11.1 

6.969 

l.Mf5 

1144-1272 

20.0 

6.821 

1.296 

1026-1139 

28.0 

6.696 

1.178 

956-1072 

33-3 

7.335 

1.218 

905-1021 

50.0 

8.256 

1.283 

875“  992 
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Similar  abiMpt  changes  in  sevcra.l  of  the  physical  properties  of  a.1kali 


metal  borates  at  about  this  same  ccmiposition  have  given  rise  to  the  term 
"boric  oxide  anomaly".  These  properties  include  density,  viscosity,  expan¬ 
sivity,  heat  Oi  solution  and  infrared  spectra.  A  structural  explanation  of 
the  boric  oxide  anomaly  was  first  suggested  by  Biscoe  and  Warren. In  con¬ 
formance  with  Zachariasen ' s  network  theory  of  glasses,  Biscoe  and  Warren 
pictured  boron  oxide  glass  as  consisting  of  a  three-dimensional  random  net¬ 
work  of  boron  and  oxygen  ions  in  which  each  boron  ion  is  surrounded  by  three 
oxygen  ions  lying  in  a  plane  and  each  oxygen  ion  is  situated  between  two  boron 


ions. 


ft-TLoV  ^ 


9  -.B 


-O-ft  D 
t>6 


>■0 


^b<X3jO-b>' 

^  6  B  9 

%<y 


B-O 


nils  structure  is  quite  similar  to  that  of  silica  glass,  which  is  also 
pictured  as  a  continuous  three-dimensional  network  consisting  of  silica  ions 
surrounded  by  fovir  oxygen  ions  in  a  tetrahedral  arrangement,  with  each  oxygen 
ion  situated  between  two  silicon  ions.  As  alkali  oxide  is  added  to  a  silica 
glass,  the  silicon  retains  its  tetrahedral  coordination  with  respect  to  oxygen, 
so  that  the  only  way  in  which  the  added  oxygen  can  be  accomnodated  in  the 
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structure  is  by  It  being  Inserted  Into  a  silicon-oxygen  bond  thereby  causing 
a  rupture  of  the  bond  and  the  foxnatlon  of  two  non-brldg5ng  oxygen  groups: 

I  '  I 

-  Si  -  0  -  SI  -  +  0“  2  -  Si  -  0". 

•  I  I 

The  aUcali  metal  ions  fit  into  holes  in  the  network  near  the  non-bridging 
oi^gens.  In  this  manner  the  continuous  silica  network  is  progressively  broken 
down  as  a] kali  oxide  is  added. 

The  analogous  process  in  the  case  of  the  boron  oxide  glasses  is  modified 
by  the  ability  of  the  boron  to  vary  its  coordination  number  with  respect  to 
o:i^gen.  Biscoe  and  Warren  postulated  that  as  alkali  oxide  is  added  to  the 
trigonally  coordinated  boron-oxygen  network,  the  additional  oy^gen  enters  into 
the  structure,  not  by  breaking  a  bond  of  adjacent  trigonal  BO^  groups  and  form¬ 
ing  a  pair  of  non-bridging  oxygen  groups  but  by  coordinating  tetrahedralJy  with 
and  forming  a  bridge  between  two  trigonal  BO^  groups: 

"  i  i  i 

I  I  ' 

This  forms  a  structure  intermediate  between  the  tetrahedral  network  of  vitreous 
silica  and  the  trigonal  network  of  vitreous  boron  oxide. 

This  process  does  not  continue  iixiefinitely  but  comes  to  a  halt  when  the 
composition  reaches  about  l6  mole  %  aJkali  oxide.  The  extra  oxygens  furnished 
by  the  addition  of  further  alkali  oxide  do  not  form  a  continuous  tetrahedral 
network  with  the  boron  but  rupture  the  boron -oxygen  bonds,  forming  non-bridging 
boron-oxygen  groups  analogous  to  the  case  of  the  silicon-oxygen  network 
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pirevlously  described.  It  la  the  beglxming  of  this  transition  from  a  strong, 

continuous  network  to  a  broken,  open  structure  vhich  causes  the  abzupt  changes 

In  phgrslcal  properties  referred  to  as  the  boric  oxide  anotsaly. 

The  theoxy  of  Blscoe  and  Warren  concerning  the  changes  In  coordination 

ntunber  of  boron  was  based  on  X-ray  diffraction  studies  of  glasses.  Although 

this  method  has  been  shown  to  be  Isqpreclse  eix>ugh  to  cast  doubt  on  the  conclu- 

19 

slons  of  Blscoe  and  Warren,  later  work  using  nuclear  magnetic  resonance  has 

verified  the  change  in  coordination  of  boron  from  three  to  four  as  alkali 

oxide  Is  added.  However,  there  Is  no  general  agreement  concerning  the  amount 

of  boron  which  becomes  tetrahedrally  coordinated  and  at  what  con^sltion  the 
20  21 

process  ceases.  *  Althovigh  Biscoe  and  Warren's  theoxy  has  been  criticized 
axid  alternative  theories  pxnposed,  none  of  these  theories  have  been  as  useful 
in  explaining  the  properties  of  alkali  borate  glasses.  Zacharlasen's  network 
theoxy  and  Blscoe  and  Warren's  extension  have  been  generally  accepted  as  valid 
for,  at  least,  an  approximate  picture  of  the  structure  of  vitreous  boron  oxide 
and  the  alkali  borate  glasses. 

Bearing  the  foregoing  interpretation  of  the  boric  oxide  anomaly  in  mind, 
one  can  now  return  to  the  data  on  the  activity  of  the  RbBOg  in  the  RbgO-BgO^ 
melts  (Fig.  4)  where  the  activity-composition  curve  showed  a  pronounced  break 
at  about  15  $  RbgO.  Ihe  similarity  of  this  change  to  the  physical  changes 
referred  to  above  in  connection  with  the  boric  oxide  anomaly  leads  one  to 
surmise  a  structural  arrangement  in  the  Rb^O-BgO^  melts  analogous  to  that  in 
the  alkali  borate  glasses.  Further,  from  the  activity  composition  curve,  the 
RbgO-BgOs  melts  can  be  considexed  as  two  liquid  systems.  The  first  system 
extends  frcxn  pure  BgO^  to  a  liquid  of  an  approximate  composition  of  15  ^ 


1. 

¥ 

I  Rb^.85  i  and  the  secood  troa  15  i  Rb^-85  i  to  50  ^  Rb^-50  i 

(rubidium  metdborate) .  For  a  detailed  model  of  the  BbgO-BgO^  system  molecular 
structures  must  be  postulated  for  eadi  of  these  three  liquids  and  proMble 

h 

t 

interactions  predicted  among  them  as  they  are  mixed. 

Proiosed  Model  for  the  Hb^O-B^Oj  liquid  System. 

Assxaning  from  the  evidence  discussed  above  that  the  structvire  of  the  melts 

is  similar  to  that  of  the  corresponding  solid,  the  structure  of  the  pure  liquid 

•BgO^  will  be  a  more  or  less  continuous  but  Irregular  network  of  boron  atoms 
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trigonally  coordinated  by  oxygens.  Mackenzie  experimentally  verified  this 

structure  for  liquid  BgO^  and  pointed  out  that  the  structxire  was  temperatxire- 

dependent.  Be  siiggested  that,  as  the  temperature  Increases  the  continuous 

netvoz^  progressively  breaks  by  the  formation  of  terminal  -  B  «  0  groups. 

In  considering  the  structure  of  liquid  rubidium  metaborate,  the  structures 

of  crystalline  sodium  and  potassium  metaborates  consist  of  cosplex,  slx^smiBbered, , 
23 

anionic  rings. ^  Ibe  rings  contain  3  borcms  and  3  oxygens,  and  the  borons  are 
trigonally  coordinated  vlth  the  oi^ygens  as  shown  below.  The  sodium  and  potas- 
slvm  ions  fit  into  holes  in  the  rigid  structures  formed  by  the  large  anions. 
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These  slxHnenbered  rings  apparently  are  quite  stable  as  thesre  is  evidence  that 

A’ 

they  occur  In  the  vapors  of  metaborlc  acid  and  some  boron  oxy-halldes.  It 
shall  be  assumed  here  that  liquid  rubidium  metaborate  also  consists  of  these 
xlngs.  Hdwever,  it  is  also  possible  that  the  liquid  metaborate  consists  of 
chains  or  various  combinations  of  rings  and  chains. 

It  has  been  stated  earlier  that  the  rubidium  metaborate  vapor  consists 
of  the  monomer,  RbB02>  and  that  the  same  monomer  exists  when  the  metaborate, 
in  trace  amounts,  forms  solid  solutions  in  alkali  halide  crystals.  However, 
it  seems  highly  unlikely  that  the  monomer  exists  in  the  pure  liquid  metaborate 
due  to  the  strong  tendency  of  BOg  ions  to  polymerize,  forming  the  stable 
trlgonally  coordinated  groups.  Further  evidence  of  a  high  degree  of  association 
in  the  liquid  is  the  large  entropy  of  vaporization.  The  valiies  were  calculated 
for  both  and  RbB02  at  temperatures  where  the  partial  pressxires  of  each 
vapor  was  10“^  atm;  for  B2O21  a  highly  associated  liquid,  44.6  cal/deg.  mole; 
for  RbB02,  51*5  cal/deg.  mole. 

Assuming,  then,  that  the  liquid  boron  oxide  consists  of  a  more  or  less 
continuous  network  of  trlgonally  coordinated  borons  with  oxygens  eund  that  the 
metaborate  liquid  consists  of  discrete  slx-memhered  anionic  rings,  what 
structural  rearrangement  can  be  pictured  as  the  two  liquids  are  mixed?  If 
Blscoe  and  Warren's  theory  is  followed,  as  the  metaborate  is  added  to  the 
boron  oxide,  tetrahedrally  coordinated  boron  groups  should  be  formed  until  a 
liqjliid  composition  of  about  16  ^  Rb20-84  ^  B20^  is  reached.  It  is  a  reasonable 
assumption  that  the  six-membered  metaborate  rings  break  up  Into  smaller  groups 
(probably  [0  -  B  -  oj'lons)  in  the  solution  and  that  these  groups  enter  the 
boron  oxide  network  by  the  foxnation  of  tetrahedrally  coordinated  B0|^  groups 
ac  shown: 
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This  process  Is  postulated  to  continue  until  a  liquid  composition  of 
about  16.7  56  RbgO-SS.S  BgO^  Is  reached,  at  which  point  about  1/5  of  the 
borons  In  the  liquid  are  tetrahedral3y  coordinated. 

Abe  has  suggested  a  possible  structural  unit  for  glasses  of  this  coiiqx)- 
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sltlon.  This  unit  Is  based  on  two  slx-membered  rings  Joined  by  a  tetra- 
hedrally  coordinated  boron: 
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Hiese  units  are  attached  at  the  comers  emd  form  a  continuous  network  In  which 
each  tetrahedral  group  Is  separated  by  two  trigonal  groups. 

This  same  structural  unit  has  been  reported  as  an  Isolated  Ion  In  potassium 
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pentaborate  tetrahydrate  aivl  as  a  continuous  structured  element  in  cxystalllne 

27 

potassium  and  rubidium  pentaborates.  £ty  X-ray  diffraction  and  Infrared 
studies,  Krogh-Moe  has  found  structural  similarities  between  crystalline  and 

28 

vitreous  potassium  pentaborate.  He  concludes  that  structural  elements  of 
the  cryatalUne  phases  exist  In  the  glass  In  unknown  proportlms. 
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Alihovi^  Abe  did  not  believe  that  this  pentaborate  structural  unit  exists 
In  alJcall  borate  mlxtiires  at  tenqperatures  higher  than  their  melting  points.  It 
vlU  be  postulated  here  that  this  unit  persists  In  the  melts  and  that  the  struc¬ 
ture  of  a  melt  of  composition  16.7  ^  RbgO-SB'S  It  may  be  pictured  as  approach¬ 
ing  a  more  or  less  continuous  network  based  on  this  structural  unit. 

Further,  In  conformance  with  Blscoe  and  Warren's  ideas,  when  liquid 
metaborate  Is  added  to  liquid  pentaborate,  thq  formation  of  tetrahedrally 
coordinated  boron  groups  ceases  and,  instead,  the  continuous  network  begins 
to  be  broken  down  with  the  formation  of  non-bridging  boron-oxygen  groups. 

This  process  can  be  visualized  if  It  is  realized  that,  from  a  formal  point  of 
view,  the  net  effect  of  adding  the  metaborate  Is  to  fdmlsh  oxygen  ions  to  the 
liquid  pentaborate.  After  solution,  the  boron -oxygen  groups  of  the  metaborate 
become  indistinguishable  from  the  boron -oxygen  groups  of  the  pentaborate, 
except  for  the  excess  oxygen  ions: 

5  (BOg)*^  - .  3  (BjOq)’  +60“ 

metaborate  pentaborate 

The  excess  oxygens  az%  then  inserted  into  the  network  structure  by  breaking 

\ 

a  B  -  0  -  B  bond  and  forming  two  non-bridging  oxygen  groups,  B  -  O",  for 
each  added  oxygen  ion. 

As  further  metaborate  is  added,  the  network  is  progressively  destroyed, 
the  tetrahedral  groups  are  broken  down  and  the  liquid  approaches  the  discrete, 
slx-menbered  anionic  ring  structure  of  pure  liquid  metaborate. 
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Contiblll^  of  the  Uauid  Model  With  BxperlaBntol  Data 


It  is  possible  to  check  certain  properties  deduced  from  the  proposed 
ll<].uld  model  vlth  scorn  eaqperlmentally  measured  poKqperties  of  the  RbgO-BgO^ 
melts.  Consider  first  the  activity  of  the  RbBOg  1b  the  melts.  Ibmally 
the  activity  of  a  component  of  a  liquid  is  proportional  to  its  mole  fraction. 

In  the  Rb^-BgO^  melts,  the  RbBOg  does  not  exist  as  a  discrete  entity  and 
its  concentration  has  to  be  defined  in  terms  other  than  that  of  the  RbBOg 
SK>lecule . 

nie  structure  of  the  RbBOg  molecule,  containing  the(0-B-C$  Gprovp,  suggests 
that  it  could  vaporize  much  more  readily  from  a  condensed  phase  that  contains 
non-brldging^B  -  0~  groups  than  one  that  contains  only  a  continuous  network 
of  non-bridging^  -  0  -  B^groups.  On  this  basis,  let  the" mole  fraction" of 
the  RbBOg  in  the  melt  be  defined  as  the  fraction  of  boron  atoms  which  are 
attached  to  non-bridging  oiorgens. 

means  of  this  definition  it  is  seen  that,  regardless  of  whether  the 
structure  of  liquid  metaborate  is  assumed  to  be  discrete  anionic  rings  or 
chains,  the  mole  fraction  of  the  RbBOg  in  the  pure  metaborate  melt  will  be  unity. 
Further  it  is  seen  that  the  mole  fraction  of  the  RbBOg  is  zero  for  liquid  com¬ 
positions  between  pure  and  16.7  %  RbgO.  This  follows  from  the  model 
postulating  that  no  non-bridging  oxygen  groiqps  are  formed  until  the  RbgO 
content  is  in  excess  of  16.7 

As  the  RbgO  content  of  the  melts  increases  beyand  the  pentaborate  conpo- 
sition,  non-bridging  oxygen  gzovqps  begin  to  form  and  the  mole  fraction  assumes 
a  finite  value.  The  actual  value  will  depend  upon  what  bonds  in  the  liquid 
are  broken  first.  If  a  degree  of  stability  is  granted  to  the  pentaborate 
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s  ^ 

group,  it  seems  reasonable  to  suppose  that  the  first  B  -  0  -  B  bonds  to  be 
broken  will  be  those  idilch  Join  the  pentaborate  units  together.  Also  it  is 
reasonable  to  suppose  that  the  entering  anion  will  prefer  a  site  uhich  is  as 
far  away  as  possible  from  the  negatively  charged  central  tetrahedral  group. 

The  congposltion  of  the  liquid  at  which,  on  the  average,  one  of  the  four  bonds 
from  each  pentaborate  group  will  be  broken  will  be  28.6  RbgO-Tl.*^  $  ®2®3* 

At  this  composition  one  out  of  five  boron  atoms  will  be  attached  to  a  non- 
bridging  oxygen,  and  the  mole  fraction  of  the  RbBOg  will  be  0.20.  It  should 
be  noted  that  at  this  point  three-quarters  of  the  bonds  Joining  the  pentaborate 
groups  are  still  unbroken  and  the  continuous  network  structure  is  essentially 
intact.  It  is  not  until  further  bonds  are  broken  that  the  network  begins  to 
disintegrate  appreciably.  It  is  known  that  in  solidified  alkali  borate  melts 
the  glassy  stzncture  persists  until  a  composition  of  about  33  $  alkali  oxide 
is  reached.  At  higher  alkali  oxide  concentrations  it  is  difficult  to  prevent 
crystal llzatlon . 

In  considering  which  bond  is  likely  to  be  broken  next,  it  might  be  assumed 
that  the  KmeLlnlng  three  bonds  Joining  the  pentaborate  groups  would  be  broken 
before  the  bonds  of  the  central  tetrahedral  group.  However,  this  would  mean 
that  at  the  composition  y>  i>  Rb^O-^  ^  BgO^  the  pentaborate  groups  would 
exist  as  a  discrete  anion,  nils  group  does  not  exist  in  the  solid  metaborate 
structure  and  it  is  unlikely  that  it  exists  in  the  liquid. 

If  it  is  assumed  that  after  the  breeddng  of  the  first  bond  Joining  adjacent 
pentaborate  groups  it  is  equally  likely  that  any  of  the  remaining  bonds  will 
be  broken,  the  mole  fraction  of  HbBOg  can  be  calculated  for  mixtures  up  to 
the  metaborate  composition. 


30 


Assuming  an  aetlvltar  coefficient  of  unlty^  the  activity  of  the  RbBOg  vill 
be  eq,vial  to  Its  mole  fzeictlon  In  the  melts.  The  theoretical  activity  calcu¬ 
lated  on  this  basis  Is  vezy  close  to  the  e^qperlmentally  determined  actlvl'^ 
over  the  entire  composition  range  of  the  melts,  as  shown  In  Fig.  4. 

As  a  further  check  on  the  proposed  model,  the  free  energy,  enthalpy  and 
entropy  of  mixing  of  liquid  BgO^  and  RbBOg  as  a  function  of  liquid  condos  Ition 
were  counted.  The  relative  partial  molar  free  energy  of  RbBOg  in  the  melts 
was  computed  from  the  experimental  activities  by  use  of  the  eoqpresslon: 


aF. 


=  mjLn 


RbBOg  =  R^n  apjjgo. 


The  relative  partial  molar  enthaliy,  A  ,  of  the  RbBOg  was  detezmlned  by 

the  difference  In  slope  of  the  log  P  vs  1/T  graphs  of  pure  RbBOg  and  of  RbBOg 
In  the  various  melts.  The  relative  peirtlal  molar  entropy  of  the  RbBOg  was 
confuted  using  the  relationship: 


^  ^RbBOg  '  ^  ®RbBOg  “  ^  ^  ®RoBOg 


From  the  peirtlal  quantities,  the  Integral  free  energy,  enthalpy  and  entropy 
were  obtedned  by  a  graphical  Integration  of  the  equation, 

rnasa 


A  G  >  K. 


^2^3 


r  ^ 

A  G 


RbBOg  d 


^ao;i^o 


N 


RbBO^ 


V3 


where  G  refers  to  either  free  energy,  enthalpy  or  entropy. 

nie  corresponding  relative  partial  molar  quantities  for  BgO^  were  found 
by  use  of  the  equation 


31 


+  N, 


RbBO, 


A  G, 


RbBO^ 


Tbese  thermodynanlc  quantities  are  measured  relative  to  pure  liquid  BgO^ 
tad  RbBOg  as  the  standard  states  and  they  represent  average  values  over  the 
tenqperatuare  range  of  the  experimental  data.  Tliese  quantities  are  plotted 
in  Figs,  6  and  7. 

nie  curve  of  Integral  heat  of  mixing  shows  a  negative  maximum  of  about 
-5*0  Kcal/mole  at  a  composition  of  l4  to  I5  Rb^O  and  decreases  to  small 
positive  values  at  a  composition  range  of  about  Uo  to  50  ^  RbgO.  The  heat 
of  mixing  of  two  ideal  liquids  is  zero  throughout  the  whole  composition  remge. 
In  general,  where  two  dissimilar  liquids  are  mixed  so  that  there  is  a  heat 
effect  but  no  compound  formation  in  the  liquid,  the  heat  of  mixing  curve 
should  rise  to  a  maximum  near  the  mid-point  and  should  decline  more  or  less 
symmetrically  on  either  side.  The  pronounced  asymmetry  in  the  curve  in 
the  BgO^-RbgO  system  suggests  compound  formation  in  the  liquid.  The  decline 
in  this  curve  after  a  composition  of  about  lU  to  I5  ^  RbgO  indicates  a  stable 
molecular  structure  at  about  the  pentaborate  coraixjsition  (16.7  'f>  RbgO) . 

The  large  decrease  in  the  heat  of  mixing  at  compositions  rich  in  RbBOg 
caul  be  Interpretated  as  a  tendency  toweurd  immiscibility .  This  can  be  shown 
more  clearly  if  the  RbgO-BgO^  system  is  divided  into  two  liquid  systems, 
B2O2-RbB^O0  (pentaborate)  and  RbB^Og-RbBOg.  The  heat  of  mixing  of  BgO^  and 
RbBOg  to  form  the  pentaborate  can  be  subtracted  from  the  integral  heat  of 
mixing  values,  and  the  heats  of  mixing  of  the  two  new  systems  can  then  be 
computed  relative  to  pure  liquid  RbBOg  auid  RbB^Og.  These  results  are 

shown  in  Fig.  8. 
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!l!b»,  system  B2O^-RbB^O0,  consisting  of  mlxtiires  of  two  structurally  similar 
network  Hqtulds,  behaves  normally  In  that  the  heat-of -mixing  curve  is  nega¬ 
tive «  with  no  gross  a^mnetrles  throughout  the  entire  conqposltlon  range. 

The  BbB^g-RbBOg  system,  however,  shows  strong  positive  heats  of  mixing. 

This  indication  of  Immisclblllty  is  caused  by  the  mixing  of  two  structurally 
dissimilar  liquids,  the  network  liquid,  rubidium  pentaborate,  and  the  ionic 
liquid,  rubidium  metaborate.  The  fact  that  the  liquids  are  miscible  is  due 
to  the  large  Increase  in  entropy  of  mixing  in  this  composition  range  (Fig.  ?)• 
Returning  to  Fig.  6,  it  is  seen  that  the  relative  partial  molar  heats 
of  mixing  of  BgO^  and  RbB02  reach  a  msixlmum  and  a  minimum  respectively  at 
about  28  ^  RbgO.  If  it  is  recalled  that  the  partial  molar  qusuitities  are 
partial  differentials  of  the  corresponding  integral  quantities  with  respect 
to  changing  composition,  the  maximum-minimum  at  the  composition  28  RbgO 
represents  the  point  at  which  the  heat  content  of  the  solution  is  changing 
nost  rapidly  with  changes  in  ccxnposition.  From  the  proposed  model,  it  is 
seen  that  at  this  composition  (28.6  RbgO)  one  of  the  four  inter-pentaborate 
bonds  have  been  broken  and  a  transition  zone  occurs  where  there  is  a  rapid 
change  from  a  closely  associated  network  llqizid  on  the  one  hand  to  a  liquid 
conqxjsed  of  discrete  anions  on  the  other.  As  has  been  pointed  out  before, 
this  corresponds  physically  to  the  limit  near  which  glass  structures  can  be 
formed  from  the  melt.  At  higher  RbgO  contents,  the  melts  tend  to  ciystallize 
upon  solidification. 

Shartsls  and  Capps  have  reported  data  on  the  heat  of  mining  of  solid  aivmti 
oxides  and  boron  oxide  to  form  alkali  borate  glasses.^  Djelr  heat -of -mixing 
curves  covered  the  conqosition  range  from  pure  BgO^  up  to  about  33  %  aIVaH 
oxide.  The  curves  were  smooth  and  showed  zx?  or  points  of  inflection. 


33 


However^  the  basic  reaction  In  this  process  studied  by  Shartsls  axul  Capps 
is  between  free  oxygen  ions  furnished  by  the  alhall  oxide  and  the  boron- 
oxygen  network  of  the  glass.  This  is  quite  different  from  the  basic 
reaction  reported  here  which  is  the  reaction  between  an  os^gen  already 
attached  to  a  boron  atom,  -  O"  and  the  boron  oxygen  network.  An  extra¬ 
polation  of  Shartsls  and  Capps '  data  indicate  the  heat  of  formation  of  one 
mole  of  crystalline  KBO2  from  KgO  and  BgO^  is  about  -40  KCal.  This  large 
heat  of  formation  of  the^B  -  O”  group  masks  the  boric  oxide  anomaly  by 
obscuring  the  smaller  effect  due  to  the  pentaborate  formation  in  the 
mixture.  The  boric  oxide  anomaly  is  observed,  however,  in  the  heats  of 
solution  of  alkali  borate  glasses  in  nitric  acid  as  reported  by  Shartsis 
and  Capps.  These  curves  show  a  minimum  at  about  20  ^  alkali  oxide.  The 
boric  oxide  anomaly  is  not  masked  in  this  case  as  the  heats  of  solution 
do  not  include  the  energy  required  to  ccanpletely  remove  an  oxygen  ion 
from  the  boron  groups. 

Looking  now  at  the  entropy  of  mixing  curves  for  the  RbgO-BgO^  systems 
(Fig.  7),  it  can  be  seen  that  the  integral  entropy  curve  exhibits  small 
negative  values  in  the  BgO^  rich  region  and  increases  to  large  positive 
values  beyond  the  j)entaborate  composition.  Also  shown  is  the  excess  entropy 
of  mixing  curve.  The  excess  entropy  represents  the  difference  between  the 
actual  entropy  of  mixing  of  the  system  and  what  the  entropy  would,  be  if  the 
system  behaved  Ideally;  l.e.,  it  is  a  measure  of  the  departure  from  ideality 
of  the  system.  (It  should  be  noted  that  the  excess  heat  of  mixing  is  equal 
to  the  actual  heat  of  mixing  of  any  system  because  the  ideal  heat  of  mixing 
is  zero.) 
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It  Is  seen  from  Figs.  6  and  7  that  the  excess  entroiy  of  mixing  is  gener¬ 
ally  negative  in  the  regions  where  the  heat  of  mixing  has  the  largest  negative 
values.  This  is  due  to  the  fonaation  of  the  stable  and  conqparatlvely  ordered 
structure  of  the  pentaborate  network  from  the  rehitive  disordered  BgO^  network 
and  the  anionic  rubidium  metaborateliqulds .  In  the  RbgO-zlch  regions  where 
the  pentaborate  structure  does  not  form  and  the  liquid  mixture  consists  of 
disordered  network  fragments  and  anionic  groups >  the  heat  of  mixing  decreases 
and  the  entropy  Increases  to  large  positive  values,  llie  partial  molar  entropy 
cvirves  for  and  RbBOg  show  a  minimum  and  maximum  at  28^  Rb2^  their 
interpretation  Is  similar  to  that  of  the  partial  molar  enthalpy  curves. 

Variation  of  RbBOg  Activity  by  Conqjlex  Formation 

A  feature  of  the  proposed  model  for  liquid  alkali  borates  is  the  concept 
of  measuring  the  activity  of  the  RbBOg  In  terms  of  the  mole  fraction  of  non- 
brldglng  boron-oxygen  groups.  It  follows  that  any  process  which  decreases 

N 

the  activity  of  the  ^  B  -  0  groups  in  the  melt  also  lowers  the  vapor  pressure 
of  the  RbBOg.  This  might  be  done  by  adding  a  third  cation  to  the  melt,  which 
would  form  a  strong  complex  with  the  non -bridging  oxygen  ions.  This  would  not 
only  reduce  the  concentration  of  non-bridging  oxygen  groups  but  also,  depend¬ 
ing  upon  the  oxygen  coraplexlng  ability  of  the  added  cation,  tend  to  reconsti¬ 
tute  the  liquid  network. 

!nais  concept  was  tested  experimentally.  A  series  of  radioactive  rubidium 
metaborate  melts  were  prepared,  each  with  a  third  oxide  whose  cation  was  likely 
to  form  a  stable  complex  with  oxygen  ions  In  the  melt.  The  cationic  composition 
of  each  melt  was  U5  mole  percent  B  45  mole  percent  Rb  axMl  10  mole  percent 
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added  tblzd  cation.  The  vapor  pz«8s\ire  over  each  melt  vae  measured  at  9^5^ 
and  the  results  conquered  vlth  the  vapor  pressure  of  pure  rubidium  metaborate 
at  the  same  teiqperature.  Aoy  decrease  In  the  vapor  pressure  of  the  RbBOg 

N, 

beyond  that  doe  on!ly  to  dilution  should  be  due  to  the  complexlng  of  the  B  -  0 

/ 

group  In  the  melt  euid  the  corresponding  decrease  of  the  activity  of  the  RbBOg. 

The  extent  of  the  decrease  of  the  vapor  pressure  which  might  be  due  only 
to  dilution  of  the  rubidium  metaborate  by  the  third  oxide  is  difficult  to 
compute  because  of  the  lack  of  knowledge  of  the  kind  and  concentration  of 
the  ions  or  ionic  groups  in  the  melt.  A  rough  estimate  of  this  decrease 
might  be  made  by  assuming  that  the  melt  contains  a  ratio  of  mOles  of 
Rb-B  cationic  groups  to  10  moles  of  added  cation  or  82  mole  percent  Rb-B 
groups.  QMs  would  cause  a  decrease  in  the  vapor  pressure  of  about  l8  ^ 

If  it  were  due  to  dilution  alone.  It  is  interesting  to  note  that  the 
decrease  of  the  vapor  pressure  of  the  RbBOg  by  the  addition  of  BgO^  corres¬ 
ponding  to  this  concentration  amounts  to  about  19 

Die  vapor  pressure  of  the  RbBOg  over  the  melts  was  computed  on  the  basis 
that  the  only  vapor  species  was  RbBOg.  This  assumes  that  the  added  oxides 
did  not  vaporize  from  the  melts  either  Independently  or  in  comblxiatlon  with 
the  rubidium  oxide.  All  of  the  added  oxides  are  relatively  non-volatile  at 
923^  except  NoO^  which  apparently  formed  a  very  stable  complex  in  the  melt 
and  did  not  vaporize.  The  assunptlon  that  the  vapor  species  was  RbB02  vas 
checked  by  counting  the  ratio  of  Rb20  weight  loss,  as  determined  by  radio¬ 
active  assay,  to  the  totsO.  weight  loss.  This  ratio  vas  the  same  eis  that 
associated  with  the  vapor  over  pure  rubidium  metaborate,  except  where  SlOg 
and  ZbO  were  added  to  the  melts.  In  these  cases  the  concentration  of  Rb20 
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in  the  vapor  apparently  decreased  somewhat.  In  view  of  these  experimental 
imcertalntles^  the  results  of  this  section  should  be  regarded  as  only  eui 
approximate  guide  to  the  behavior  of  the  complexlng  oxides  in  the  rubidium 
meted>orate  melts. 

It  was  foxuid  en^irically  that  a  plot  of  the  percent  decrease  of  the  RbBOg 
pressure  against  an  artificial  factor  computed  by  multiplying  the  Ionization 
potential  (in  Kcal/mole)  times  the  radius  squared  (in  angstrom  units)  gave  a 
roughly  linear  relationship. 

nils  procedure  can  be  justified  qualitatively  by  the  fact  Jihat  the  euilonlc 
complexlng  power  of  the  added  cation  should  be  proportional  to  Its  electric 
field  strength  and  to  Its  surface  area.  Hiat  Is,  the  stronger  the  electric 
field  of  the  cation,  the  greater  will  be  Its  attraction  for  oxygen  Ions; 
and  the  larger  Its  surface  area,  the  more  easily  It  can  accommodate  a  greater 
number  of  oxygen  Ions  with  less  geometrical  strain.  The  ionization  potential 

of  the  cation  was  taken  as  a  measure  of  its  anionic  attracting  power  and  its 

•  • 

radius  squared  was  taken  as  a  relative  measure  of  Its  surface  area.  Ihese 

results  are  plotted  in  Fig.  9«  From  the  graph  It  can  be  seen  that  Mo^^,  Nb^^, 
+5 

V  and,  to  a  lesser  degree,  Ti  were  quite  effective  in  complexlng  the  non- 
brldglng  oxygens  and  decreasing  the  RbBO^  vapor  pressure.  Hie  other  Ions  had 
little  more  effect  than  the  boron  itself. 

It  was  also  noted  that  several  of  the  added  oxides,  appeurently  by  virtue 
of  their  ccmiplexlng  powers,  reconstituted  the  liquid  network  so  that  some  of 
the  melts  solidified  to  a  glass  or  mixture  of  glass  and  mlcro-czystals . 

This  was  determined  by  observing  crushed  samples  of  the  solidified  melts 
under  a  polarizing  microscope.  In  general,  those  ions  which  caused  the 
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greatest  decrease  in  vapor  pressure  also  tended  to  convert  the  cxystalllne 
metaborate  to  a  glass,  niese  results  are  noted  in  Fig.  9* 

Other  Vievs  on  Coordination  Changes  of  Boron 

Hie  liquid  model  discussed  in  this  report  has  been  based  largely  on 
Blscoe  and  Warren's  and  Abe's  structural  theories.  These  concepts  have  been 
criticized  in  a  series  of  papers  by  Krogh-Moe  and  others,  wherein  the  general 
Ooncem  is  with  determining  the  relative  concentrations  of  trigonally  and 

19 

tetrahedrally  coordinated  borons.  In  eui  early  paper,  Grjotheim  and  Krogh-Moe, 
using  the  structure  of  ciystalllne  boron  oxide  as  a  model,  suggested  that 
boron  oxide  glass  contains  a  significant  amount  of  tetrahedral  groups 
and  that,  as  alkali  oxide  is  added,  the  coordination  of  the  boron  changes 
from  four  to  three. 

20  21 

However,  later  work  by  Silver  and  Bray  and  by  Krogh-Mbe,  ^  al.,  using 
nuclear  magnetic  resonance  techniques,  have  demonstrated  that  the  boron  in 
boron  oxide  is  Indeed  trigonally  coordinated  and  does  change  to  a  tetrahedral 
configuration  as  alkali  oxide  is  added.  There  is,  however,  an  apparent  dis¬ 
crepancy  between  Silver  and  Bray's  and  Krogh-Moe 's  results  and  Biscoe  and 
Warren's  theozy.  According  to  Blscoe  and  Warren  and  Abe  the  formation  of 
tetrsdiedral  groups  ceases  at  about  16.7  ^  alkali  oxide,  at  which  point  the 
mole  fraction  of  tetrahedrally  coordinated  boron  is  0.20.  Silver  and  Bray's 
resixlts  on  soda  borate  glasses  indicate  that  the  number  of  tetrahedrally 
coordinated  borons  Increases  until  a  concentration  of  about  20  ^  NagO  has 
been  reached,  at  which  point  the  mole  fraction  of  tetrahedral  boron  is  O.UO. 
Beyond  this  pol^jthe  rate  of  Increase  of  tetrahedral  boron  decreases.  However, 


those  authors  point  out  that  their  method  makes  the  experimental  values  of 
the  mole  fraction  of  tetrahedral  boron  too  large  as  the  concentration  of 
NagO  incx^ases.  In  view  of  the  experimental  uncertainty,  the  authors  do  not 
feel  that  their  results  are  in  contradiction  to  Biscoe  and  Warren's  theory. 

Krogh-Moe,  ^  al.  have  studied  a  series  of  potassium  borate  glasses  also 
using  the  nuclear  magnetic  resonance  method.  Hieir  results  are  consistent 
with  tte  rule  that  each  mole  of  alkali  oxide  added  to  boron  oxide  converts 
two  boron  atoms  from  trigonal  to  tetrahedral  coordination.  Their  data  indi¬ 
cates  that  this  process  is  continuous  up  to  at  least  a  composition  of  about 
30  ^  KgO  -  70  ^  BgO^  at  which  point  about  U3  ^  of  the  borons  are  tetrahedrally 
coordinated.  These  results  contradict  Biscoe  and  Warren's  theory.  Furthermore, 
Krogh-Moe  has  questioned  the  notion  that  the  formation  of  tetrahedral  groups 
beyond  a  composition  of  36.7  ^  alkali  oxide  creates  an  unstab.ie  situation  by 
pointing  out  that  tetrahedrally  coordinated  boron  exists  in  greater  concentra¬ 
tions  in  the  polyanions  of  many  crysta31ine  borates. 

Krogh-Moe  has  suggested  an  alternative  theory  for  the  structure  of  alkali 
borates.  The  main  features  of  this  theory  are,  first, tetrahedrally  coordi¬ 
nated  boron  forms  until  at  least  a  composition  of  33  i>  alkali  oxide  has  been 
reached  and  of  the  borons  aa:e  in  a  tetrahedral  configuration;  and  second, 

a  mechanically  induced  coordination  change  of  boron  exists,  such  that  the 

30  31 

application  of  pressure  favors  the  formation  of  tetrahedral  groups."^ 

By  means  of  this  approach,  Krogh^oe  has  been  able  to  explain  some  of  the 
unusual  physical  properties  of  vitreous  boron  oxide  and  alkali  borate  glasses. 

However,  the  results  of  the  RbBOg  vapor  pressure  measurements  reported 
here  do  not  agree  with  Kiragh-Moe's  theory.  The  fact  that  the  activity  and 
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derived  thermodynamic  data  for  this  sytem  show  pronounced  changes  at  about 
15*17  i>  and  at  28  ^  RbgO  is  consistent  with  the  general  theory  of  Blscoe  and 
Warren  and  of  Abe.  In  order  to  conform  vlth  the  ideas  of  Kro£^4foe,  the 
thermodynamic  data  slK>uld  be  continuous  until  a  con^sitlon  of  at  least 
33  i»  is  reached. 

The  tvo  theories  nay  be  reconcilable  if  it  is  assumed  that  an  equilibrium 

exists  between  trigonal  and  tetrahedral  boron  groups  which  is  not  only  affected 

by  the  addition  of  alkali  oxide  but  is  also  temperature -dependent  so  that 

Increasing  the  temperature  decreases  the  concentration  of  tetrahedral  groups. 

Shartsls  originally  suggested  this  explanation  of  the  anomalous  viscosity 
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da'ta  of  the  alkali  borates.  If  it  is  assumed  that  the  tetrahedrc.l  groups 

are  relatively  more  s'table  at  low  temperatures,  their  existence  ceui  be  imder- 

stood  in  high  concentrations  in  cool  glasses  and  crystals  containing  up  to 

33  alkali  oxide.  As  the  temperature  increases,  the  equilibrium  shifts  to 

favor  the  formation  of  trigonal  groups  with  non-bridging  oxygen. 
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IMs  thermal  shift  in  equilibrium  is  pronounced  only  at  alkali  oxide  concen¬ 
trations  greater  than  about  16.7  Apparently  the  tetrahedrally  coordinated 
boron  group  in  the  pentaborate  structure  forms  a  stable  configxxratlon  which 
can  persist  at  high  temperatures.  Tetrahedral  groups  formed  in  excess  of 
this  composition  are  more  unstable  and  more  sensitive  to  temperatxire  changes. 
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Evidence  Prom  fharslcal  PropertlcB  of  AUtall  Borates  Relating  to  tte 
TeiBiperature  Effect  on  Boron  Coordination 

If  this  process  occxirs,  then  certain  iA];yslcal  propeirties  of  the  glasses 
axA  inelts  shoiild  shov  an  anomalous  tengperature -dependence.  As  has  been 
mentioned,  Shartsls,  et  have  used  this  concept  to  esqplaln  the  variation 
in  viscosity  of  the  alhall  borates.  It  has  been  generally  believed  that 
the  conversion  of  planar,  trlgonally  coordinated  boron  groups  to  three- 
dimensional,  tetrahedral  groups  by  the  addition  of  alhall  oxide  should 
increase  the  viscosity  of  the  mixture.  This  behavior  is  closely  followed 
by  alkali  borates  at  low  temperatures.  The  data  of  Shartsls,  et  a^. ,  show  that 
at  ^0°  after  a  small  initial  decrease  at  about  2  ^  alXali  oxide,  the  viscoslly 
of  the  mixtxjire  increases  with  increasing  alhali  oxide  content.  However,  at 
higher  temperatures,  the  initial  decrease  becomes  more  pronounced.  At 
800  and  900°  the  viscosity  decreases  tintil  about  10  alkali  oxide  has  been 
added.  The  viscosity  then  increases  slightly  until  about  20-22  %  alkali 
oxide  after  which  it  begins  to  decrease  markedly.  This  behavior  is  expli¬ 
cable  if  it  is  assumed  that  the  equilibrium  between  trigonal  and  tetrahedral 
borons  is  affected  by  temperature  as  veil  as  by  alkali  oxide  concentration. 

At  low  temperatures,  as  small  amounts  of  alkali  oxide  are  added,  the  tetra¬ 
hedral  configuration  is  favored  and  the  viscosity  Increases.  As  the  tempera- 
t\jre  is  increased,  a  small  number  of  the  tetrahedral  groups  revert  to 
trigonal  groups  with  non-bridging  oxygens  and  the  viscosity  decreases.  How¬ 
ever,  SIS  more  alkali  oxide  is  added  at  the  higher  teiiq>eratures,  the  equilibrium 
shifts  again  in  favor  of  the  tetrahedral  groups  euid  the  viscosity  increstses 
somewhat  and  reaches  a  msuclmum  near  20  ^  alkali  oxide.  After  this  point. 
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tetrahedral  groups  are  no  longer  formed  at  high  temperatures.  Instead,  the 
network  bonds  axe  broken  as  alkali  oxide  is  added  with  a  consequent  decrease 
in  viscosity. 

Hie  initial  decrease  in  viscosity  at  low  alkali  oxide  concentrations  is 
probably  caused  by  a  very  small  percentage  of  the  tetrahedral  groups  changing 
to  trigonal  groaps.  The  magnitude  of  this  change  is  indicated  by  the  addition 
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of  equal  amounts  of  alkali  oxide.  As  Mackenzie"^"^  has  pointed  out,  the  addi¬ 
tion  of  about  2.5  alkali  oxide  redices  the  viscosity  of  silica  at  1700° 

4 

by  a  factor  of  about  10  .  The  same  amount  of  alkali  oxide  reduces  the  vis¬ 
cosity  of  boron  oxide  at  600°  by  only  a  factor  of  I.5  and  at  1000°  by  a  factor 
of  6.  In  the  case  of  silica,  the  addition  of  alkali  oxide  results  only  in 

the  formation  of  non-bridging  oxygen  groups.  On  the  other  hand,  in  the  case 

of  boron  oxide,  the  predominant  effect  of  the  addition  of  alkali  oxide  is  to 
create  tetrahedral  groups  with  only  a  small  percentage  of  non-bridging  groups 
formed.  The  relative  viscosity  changes  of  silica  and  boron  oxide  indicate 
th^  the  fraction  of  tetrahedral  groups  reverting  to  trigonal  groups  and  non¬ 
bridging  oxygens  must  be  very  small. 

Similar  temperature  variations  occur  in  the  case  of  the  density  and 
expansivity  of  alkali  borates. At  800-1000°,  the  density  Increases  as 
alkali  oxide  is  added.  At  about  12  to  15  alkali  oxide  the  rate  of  in¬ 
crease  begins  to  decrease  and  a  maximum  density  is  reached  at  about  30  to  35  $ 

alkali  oxide.  The  density  is  dependent  upon  the  added  alkali  oxide  and  the 

structure  of  the  liquid;  as  the  network  structure  of  the  liquid  is  maintained 
at  these  temperatures  iintil  about  28  ^  alkali  oxide,  the  added  alkali 
oxide  fits  into  the  structuie,  causing  a  net  Increase  in  density  up  to 
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this  point.  Beyond  this  point,  the  network  breaks  down  rapidly  and  the  relaaca- 
tlon  of  the  structure  results  in  a  net  decrease  of  density  as  alkali  oxide  is 
added.  On  the  other  hand,  as  alkali  oxide  is  added  at  25^,  the  density  Increases 

more  or  less  linearly  up  to  the  limits  measured  (about  32  i>  39  KgO) . 

This  again  is  explicable  if  it  is  assumed  that  at  low  temperatures  tetrahedral 
gzxsups  continue  to  be  formed  with  no  discontinuities  until  at  least  33 
alkali  oxide. 

The  expansivities  of  the  alkali  borates  at  800  to  1000  also  show  a  piro- 
nounced  change  at  17  to  22  ^6  alkali  oxide.  Below  this  range  the  expansivities 
increase  only  slightly  as  alkali  oxide  is  added,  which  agrees  with  the  proposed 
formation  of  a  stable  pentaborate  network.  Above  this  point,  adding  alkali 
oxide  causes  the  network  to  breakdown  and  the  expansivities  to  Increase  sharply. 

On  the  other  hand,  the  expansivities  at  25°  are  practically  constant  upon  32-1*0 
alkali  oxide  being  added.  This  again  indicates  that,  at  low  temperatures,  there 

is  no  discontinuity  in  the  structure  as  alkali  oxide  is  added  up  to  these  limits. 

If  an  equilibrium  does  exist  in  the  alkali  borate  mixtures  between  tetra¬ 
gonal  groups  and  trigonal  groups  with  non-bridging  oxygens,  then  it  should  be 
possible  to  affect  this  equilibrium  chemically  as  well  as  thermally.  If  a 
cation  with  a  strong  affinity  for  oxygen  is  added  to  the  melt,  it  will  form 
con^lexes  with  the  non-bridging  oxygens.  This  effectively  decreases  the 
activity  of  the  non-bridging  oxygen  gitjups  and  diminishes  their  tendency  to 
form  tetragonal  groups  as  the  melt  cools.  In  this  fashion  the  concentration 
of  tetrahedral  borons  in  the  cool  glass  could  be  effectively  decreased. 

Furthermore,  the  extent  of  coraplexlng  and  the  extent  of  the  decrease  of 
tetrahedral  borons  should  be  proportional  to  the  complexing  pwer  of  the  added 
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cation,  nie  relative  cooqplexlng  powers  of  a  series  of  cations  has  already 
been  qualitatively  measured  by  the  procedure  described  in  the  previous 
section  of  this  report  in  which  the  change  in  activity  of  BbBOg  was  measured 
by  its  change  in  vapor  pressvire  upon  the  addition  of  the  third  oxides. 

niere  is  also  the  possibility  of  using  nuclear  magnetic  resonance  tech¬ 
niques  to  study  the  differences  in  tetrahedral  coordination  in  glasses  at 
room  temi)erature  and  melts  at  high  temperature  if  the  melts  are  quickly 
chilled.  However,  this  process  may  not  be  effective  in  freezing  in  the  high- 
temperature  structure  as  the  transition  from  tetrahedral  coordination  to 
trigonal  coordination  involves  very  little  atomic  rearranging  so  that  it 
might  proceed  at  an  appreciable  rate  at  relatively  low  temperatures. 

An  Indication  of  the  temperature  range  at  which  this  transition  may  occur 
is  fxirnished  by  the  work  of  Smith  and  Rindone."''  These  authors  report  data 
on  the  high  temperature  heat  contents  and  entropies  of  four  crystalline 
alkali  borates  and  the  glasses  of  the  same  composition.  Prm  their  data 
the  entropies  of  transition  from  the  crystalline  to  the  vitreous  state  can 
be  computed;  the  results  are  plotted  as  a  function  of  temperature  in  Fig.  10. 
It  can  be  seen  that  for  each  of  the  mixtures  studied  the  entropy  of  vltri- 
f action  markedly  Increases  in  the  temperature  range  300  to  500^* 

By  assuming  that  the  crystal  structure  is  not  appreciably  affected  by 
increMing  temperature,  it  is  possible  to  interpret  these  entropy  changes 
eis  reflecting  a  pronounced  chewige  in  the  glass  structure  as  the  glass  is 
heated  past  a  critical  temperature.  At  lower  temperatures  the  equilibrium 
favors  the  tetrahedral  ly  coordinated  borons  and  the  structure  of  the  glass 
is  similar  to  that  of  the  czystal  as  postulated  by  Krogh-Moe.  At  tenqwratxuvs 


higher  than  the  critical  point  the  equilibrium  favors  the  formation  of  trlgon* 
ally  coordinated  boron  and  non-bridging  oxygens  so  that  the  structure  of  the 
glass  changes  relative  to  that  of  the  crystal  and  approauihes  that  of  the  llq]ald 
borates.  This  transition  Is  marked  by  the  pronounced  Increase  In  entropy  of 
vitrlf action. 

Ikifortvinately,  no  entropy  data  are  available  for  the  crystal-glass  transi¬ 
tion  for  mixtures  containing  17  ^  or  less  alkali  oxide.  In  these  cases  the 
structure  Is  postulated  to  be  thermally  stable  and  there  should  be  no  pro¬ 
nounced  changes  In  the  entropy-temperature  graph. 

Infrared  studies  of  alkali  borate  glasses  have  been  made  by  Anderson, 

Bohon  and  Klmpton,^^  by  Jellyman  and  Procter, by  Moore  and  McMillan,^® 
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and  by  Krogh-^toe.”'  Hie  results  of  the  first  three  sets  of  authors  are 
In  disagreement  with  the  nuclear  magnetic  resonance  studies  and  with  the 
Interpretations  of  Krogh-Mo^.  All  of  these  authors  are  In  substantial  agree¬ 
ment  vlth  the  structures  proposed  by  Blscoe  and  Warren  and  Abe.  Krogh-Moe 
has  criticized  the  basic  interpretations  of  the  Infrared  measurements  of  these 
authors.  His  results  lead  him  to  believe  that  the  limitations  of  the  infra¬ 
red  method  when  applied  to  extended  netvork  lattices  are  such  that  no  reliable 
Infozmatlon  regarding  the  coordination  change  of  boron  can  be  obtained  by 
Infrared  spectrometry. 

SlMtART 

The  results  of  vapor  pressure  measurements  in  the  RbgO-BgO^  system  indi¬ 
cate  that  the  vapor  species  Is  an  equl -molar  compound  of  Rb20  and  BgO^.  Evi¬ 
dence  from  other  sources  suggests  that  the  molecular  species  Is  RbBOg.  The 


45 


activity  of  the  RbBOg  In  the  melts  shows  an  abrupt  change  at  about  15  ^  RbgO. 
Changes  In  other  physical  properties  of  alkali  borates  at  about  this  con^- 
sltlon  have  given  rise  to  the  exjaression  'boric  oxide  anomaly". 

A  model  for  the  structures  of  the  liquids  in  this  system  has  been  described 
which  is  based  on  the  theories  of  Biscoe  and  Warren  and  of  Abe  concerning  the 
structures  of  alkali  borate  glasses.  Liquid  BgO^  is  pictured  as  an  irregular, 
three-dimensional  network  composed  of  rings  and  chains  of  trigonally  coordi¬ 
nated  boron-oxygen  groups.  As  RbgO  is  added  to  the  liquid,  the  network  is 
preserved  since  the  added  oxygen  ions  form  bridging  tetrahedral  groups  with 
the  borons  until  a  composition  of  about  17  Rb^O  is  reached.  At  this  point 
20  ^  of  the  borons  are  tetrahedrally  coordinated  and  the  liquid  structure 
approximates  the  structiire  of  crystalline  rubidium  pentaborate.  As  further 
RbgO  is  added,  the  oxygen  ions  bresdc  the  continuous  network  by  the  formation 
of  non-bridging  boron-oxygen  groups.  The  network  structure  persists  until 
a  composition  of  about  28  ^  RbgO  is  reached.  As  RbgO  is  added  beyond  this 
composition  the  network  rapidly  disintegrates  euid  the  liquid  structure 
approaches  that  of  rubidium  metaborate  which  is  envisaged  as  consisting  of 
discrete,  six-merabered  anionic  rings  of  trigonally  coordinated  boron -oxygen 
groups . 

The  activity  of  the  RbBOg  was  equal  to  its  mole  fraction  in  the  melts 
wlien  the  mole  fraction  was  defined  as  the  fraction  of  boron  atoms  attached 
to  non-bridging  oxygens.  The  activity  of  the  RbBOg  could  be  decreased  by  the 
addition  of  cations  which  form  complexes  with  the  non-bridging  oxygens.  This 
results  in  a  decrease  of  the  RbBOg  vapor  pressure  and,  in  some  cases,  a  recon- 
stltutim  of  the  liquid  network. 


On  the  basis  of  the  work  of  other  Investigators  It  vas  pointed  out  that 


the  equilibrium  between  tetrahedrally  and  trlgonally  coordinated  borons, 
which  leads  to  the  change  cf  ph/slcal  properties  of  the  boron  oxide  anomaly, 
Is  probably  temperature -dependent  and  that  the  anomalous  results  should 
disappear  at  low  temperatures.  Pvirther,  it  cem  be  predicted  that  this 
equilibrium  could  be  influenced  by  the  addition  to  the  mixture  of  oxygen 
coniplexing  cations. 
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Pig*  4  Activity  of  Rl^2  Rb2Q-B203  nolts  at  1050® 
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Pig.  5  Relative  partial  and  integral  free  energies  of  nixing 
liquid  620^  and  Rb602  to  fom  one  ax>le  of  nixture  at  1050^ 
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Pig.  6  Relative  partial  and  integral  heats  of  mixing 
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Fig*  7  RelatiT*  partial  and  Integral  entropies  of  mixing  arid 
excess  entropj  of  mixing 
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Fig.  8  Heat  of  mixing 
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Commander,  FC/DASA,  Sandia  Base  (FCDV) 

Commander,  FC/DiiSA,  Sandia  Base  (FCTG5,  Library) 

Commander,  FC/DASA,  Sandia  Base  (FCwT) 

Armed  Services  Technical  Information  Agency 
Director,  Armed  Forces  Radiobiology  Research  Institute 


oOUji 

Office  of  Civil  Defense,  Battle  Creek 
Office  of  Civil  Defense,  Washington 

AEG  ACTIVITIES  AI>.D  OTHERS 


Research  Analysis  Corporation 

Aerojet  General-  Azusa 

Aerojet  General,  San  Ramon 

Allis-Chalmers  Manufacturing  Co.,  Milwaukee 

Allis-Chalmers  Manufacturing  Co.,  '..ashington 

Allison  Division  -  GMC 

Argonne  Cancer  Research  liospital 

Argonne  National  Laboratory 

Atomic  Bomb  Casualty  Commission 

AEG  Scientific  Representative,  France 

AEG  Scientific  Representative,  Japan 
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U6-U8 

119-122 

123-126 

127-128 

129-130 

131 

132-135 

136 

137 

138 

139 

140 

141 

142 

143 

144-145 

146 

147 

148 
149 

150-152 

153 

154 

155 

156 

157-158 

159-162 

163 

164 

165-166 

167 

168 
169 

170-171 

172 

173-174 

175 

176-177 

178 

179 
18C 
181 
182 
183 
134 

185 

186 

187 

188 

189 

190 

191 


Atomic  Energy  Commission,  Vnashington 
Atomic  Energy  of  Canada,  Limited 
Atomics  International 
Babcock  and  V/ilcox  Company 
Battelle  Memorial  Institute 
Beryllium  Corporation 
Brookhaven  National  Laboratory 
Bureau  of  Mines,  Albany 
Bureau  of  Mines,  Salt  Lake  City 
Chance  Vought  Aircraft,  Inc. 

Chicago  Patent  Group 
Columbia  University  (Cropper) 

Combustion  Engineering,  Inc. 

Combustion  Engineering,  Inc.  (NRD) 

Committee  on  the  Effects  of  Atomic  Radiation 

Convair  Division,  Fort  <(orth 

Defence  Research  Member 

Denver  Research  Institute 

Division  of  Raw  Materials,  Washington 

Dow  Chemical  Company,  Rocky  Flats 

duFont  Company,  Aiken 

duFont  Company,  Wilmington 

Edgerton,  Germeshausen  and  Grier,  Inc.,  Goleta 
Ed^erton,  Germeshausen  and  Grier,  Inc.,  Las  Vegas 
General  Atomic  Division 
General  Electric  Company  (AkPD) 

General  Electric  Company,  Richland 

General  Electric  Company,  3t.  Petersburg 

Glasstone,  Samuel 

Goodyear  Atomic  Corporation 

Grand  Junction  Office 

Hawaii  Marine  Laboratory 

Hughes  Aircraft  Company,  Culver  City 

Iowa  State  University 

Jet  1  repulsion  Laboratory 

Hnolls  Atomic  Power  Laboratory 

Lockheed  Aircraft  Corporation 

Los  Alamos  Scientific  Laboratory  (Library) 

Mallinckrodt  Chemical  ..orks 

Maritime  Administration 

Martin  Company 

Massachusetts  Institute  of  Technology  (hardy) 

Monsanto  Chemical  Company 

Mound  Laboratory 

NASA,  Lewis  Research  Center 

National  Bureau  of  Standards  (Library) 

National  Bureau  of  Standarcs  (Taylor; 

National  Lead  Company  of  Ohio 

New  Brunswick  Area  Office 

New  York  Operations  Office 

Nuclear  Materials  and  Equipment  Corporation 

Nuclear  Metals,  Inc, 
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192  Oak  RidgO  Institute  of  Nuclear  Studies 

193-196  Phillips  Petroleum  Company 

197  Power  Reactor  Development  Company 

198-201  Pratt  and  idiitney  Aircraft  Division 

202  Princeton  University  (White) 

203-204  Public  Health  Service,  Washington 

205  Public  Health  Service,  Las  Vegas 

206  Purdue  University 

207  Sandia  Corporation,  Albuquerque 

208  Public  Health  Service,  Montgomery 

209  Sandia  Corporation,  Livermore 

210  Radiation  Applications,  Inc. 

211  Sylvania  Electric  Products,  Inc. 

212  Technical  Research  Group 

213-215  Union  Carbide  Nuclear  Company  (ORGDP) 

216-219  Union  Carbide  Nuclear  Company  (ORNL) 

220  Union  Carbide  Nuclear  Company  (Paducah  Plant) 

221  United  Nuclear  Corporation  (NDA) 

222  U.S.  Geological  Survey,  Denver 

223  U.S,  Geological  Survey,  Menlo  Park 

224  U.S.  Geological  Survey,  Naval  Gun  Factory 

225  U.S.  Geological  Survey,  Washington 

226  U.S.  Geological  Survey,  WR  Division,  VJashington 

227-228  University  of  California  Lawrence  Radiation  Lab.,  Berkeley 

229-230  University  of  California  Lawrence  Radiation  Lab.,  Livermore 

231  University  of  California,  Los  Angeles 

232  University  of  Puerto  Rico 

233  University  of  Rochester  (Atomic  Energy  Project) 

234  University  of  Utah 

235  University  of  V/ashington  (Donaldson) 

236-237  Westinghouse  Bettis  Atomic  Power  Laboratory 

238  Westinghouse  Electric  Corporation 

239  Yankee  Atomic  Electric  Company 
24O-264  Technical  Information  Service,  Oak  Ridge 

USNRDL 

265-300  USNRDL,  Technical  Information  Division 


DISTRIBUTION  DATS;  16  July  1962 
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Naval  Radiological  Defenc  Laboratory  1.  Rubidium  oxide  •  Naval  Radiological  Defense  Laboratory  1.  Ridildlum  oxide 

USNRIX-TR-566  Oiefnical  teacOom.  USNRDL-TR-566  Chemical  react 

VAKX  PRESSURES  IN  THE  LIQUID  SYSTEM  2.  Boron  oxide  -  Chemical  VAPOR  PRESSURES  IN  THE  LIQUID  SYSTEM  2.  Borco  oxide  -  C 

Rb20-B203.  DERIVED  THBUdODTNAMIC  DATA  reactiom.  Rb20-B203.  DERIVED  THERMODYNAMIC  DATA  reactions. 

AND  A  STRUCTURAL  INTERPRETATION  by  C.E.  3.  High  temperature  re-  AND  A  STRUCTURAL  INTERPRETATION  by  C.E.  3.  temperatu 
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